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“Space Physics” is one of most important field of science in twenty-first century.
We human beings continue to explore extremely vast space not only around the
Earth but around the other planets (the Mercury, the Mars, and so on) and comets.
Ground landing and sample return mission successfully operated by MUSES-C
(Hayabusa) developed by Institute of Space and Astronautical Science (ISAS) of
Japan Aerospace Exploration Agency (JAXA) are still fresh in our mind. In ad-
dition, marvelous achievement of the Mars’s surface exploration by Curiosity, and
the first landing on the comet by Philae (that accompanied the Rosetta space-
craft) developed by National Aeronautics and Space Administration (NASA) and
European Space Agency (ESA), respectively, have attracted many people. People
tend to attract their interested in extraterrestrial exploration, however, a lot of
unsolved mechanism are still remained in space around the Earth.
The Earth’s environment, which we humans can live in, is a result of the com-
plex space physics around the Earth. It is well known that the Earth has a
dipolar geomagnetic field. The geomagnetic field lines of the Earth are strongly
deformed by solar wind pressure, and form the so-called characteristic magneto-
sphere (for more detail, see Chapter 2: “Theory and Observations in the Inner
Magnetosphere”). The Earth’s magnetosphere is filled with thin plasma particles
(ions and electrons). A charged plasma particle interacts strongly with the ter-
restrial magnetic field, and changes its trajectory due to the Lorentz force. The
Earth’s magnetosphere is one of most important topics in terrestrial space physics,
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and particularly important is the magnetosphere inside a few L shell, called the
Earth’s “inner magnetosphere.” This inner magnetosphere has a unique struc-
ture, particularly a unique spatial particle population. The energy of the inner
magnetospheric particles ranges from “cold” (∼ a few eV) to “relativistic” (∼ a
few tens of MeV). The terrestrial plasmasphere (below approximately 4RE, where
RE denotes the Earth’s radius) is filled with cold plasma particles. Mid-energy
particles (a few tens of keV), or so-called “energetic” particles, are provided by the
solar wind, and accumulate in the plasmasheet. Van Allen radiation belts are the
regions in which relativistic particles are trapped. There are three important ele-
ments of inner magnetospheric physics: the terrestrial dipolar geomagnetic field,
charged plasma particles, and plasma waves. Trapped plasma particles interact
with various types of plasma wave. The excitation and propagation properties of a
plasma wave depend strongly on energetic and cold plasma particles, respectively.
Recently, it was found that such plasma waves play important roles in relativistic
particle generation and diffusion. This close relation between plasma particles and
waves is the so-called “wave-particle interaction”. Therefore, plasma particles of
a wide range of energies contribute to the inner magnetospheric physics.
Observation with scientific satellites is one of the important methods for under-
standing the Earth’s magnetospheric physics. In 2012, NASA launched two satel-
lites, named the “Van Allen Probes.” They observe the Earth’s inner magneto-
sphere, particularly the Van Allen radiation belt. Multi-satellite observation can
separate spatial and temporal variations. The Exploration of the energization and
Radiation in Geospace (ERG) satellite will be launched in 2016 as an important
element of the ERG project by JAXA in Japan. In-situ observations of plasma
particles and waves may clarify the details of the wave-particle interaction process.
One of the objectives of the ERG project is to clarify how radiation belt particles
are generated/depleted, using satellite observation, ground networks observations,
and simulation/integrated studies. It is important to observe not only plasma
particles but also plasma waves, because the two are intertwined in the complex
way described in the previous paragraph.
In this study, we aim to establish a new method of ion composition estimation. A
way of estimating cold ion composition is particularly important due to the lim-
itations of particle observation. The trajectory of a low-energy particle is easily
changed by an electric field caused by the potential of a scientific satellite. Particle
detectors are sometimes placed on the tip of the boom in order to avoid this effect,
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but it cannot be avoided completely. High-energy particle fluxes near the radi-
ation belts also obstruct low-energy particle observation. However, information
on the cold ion composition is important for the following reasons. The prop-
agation properties of a plasma wave, especially those of an ion cyclotron mode
wave, strongly depend on the low-energy ion composition. Additionally, when
we perform simulations of wave generation and propagation, the cold ion com-
position has an impact on the simulation result. Moreover, ray tracing studies,
which calculate the propagation path of a wave, require cold ion composition as
an initial condition. We focus on the variations of plasma wave properties, partic-
ularly those of ion cyclotron mode waves observed by wave instruments onboard
scientific satellites. As we mentioned before, the propagation characteristics of ion
cyclotron mode waves have a close relation to the cold ion composition. Therefore,
we can utilize plasma waves as plasma diagnostics tool. Our study plays a role in
the discovery of inner magnetospheric physics. In order to enhance the study of
the so-called “space weather”, understanding of the Earth’s inner magnetospheric
physics is crucial.
1.2 Contribution of the present work
In Chapter 2, we introduce basic theories and satellite observations in the Earth’s
inner magnetosphere. Characteristic structure of the Earth’s magnetosphere is
formed by various interaction processes with solar wind, substantial magnetic field,
and so on. Especially, the magnetosphere inside a few L shell is called “the Earth’s
inner magnetosphere” which consists a wide energy range of plasma particles. Un-
derstanding their structure is important to examine inner magnetospheric physics.
Moreover, we focus on plasma waves in the inner magnetosphere. Various type
of plasma waves carry important roles in inner magnetospheric physics. We de-
scribe basic theory and observation of “wave-particle interaction process”. Also we
describe dispersion relation of electromagnetic ion cyclotron (EMIC) wave. Prop-
agation properties of EMIC wave strongly depend on the ion composition at the
local point and along the propagation path. Particularly, crossover frequency and
bi-ion hybrid frequency are characteristic frequencies of EMIC wave which depend
on the ion composition, and become important keywords of present work.
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In Chapter 2, we introduce basic theories and satellite observations related to the
Earth’s inner magnetosphere. The characteristic structure of the Earth’s magne-
tosphere is formed by various interaction processes with the solar wind, a sub-
stantial magnetic field, and so on. In particular, the magnetosphere inside a few
L is called the Earth’s “inner magnetosphere”, which consists of plasma parti-
cles of a wide range of energies. Understanding their structure is important in
examining inner magnetospheric physics. Here, we focus on plasma waves in the
inner magnetosphere. Various type of plasma waves play important roles in inner
magnetospheric physics. We also describe the dispersion relation of an electromag-
netic ion cyclotron (EMIC) wave. The propagation properties of the EMIC wave
depend strongly on the ion composition at the local point and along the propaga-
tion path. In particular, the crossover frequency and bi-ion hybrid frequency are
characteristic frequencies of an EMIC wave that depend on the ion composition,
and become important keywords in the present work.
In Chapter 3, general information around the Akebono satellite and the usage of
the data observed by the ELF receiver onboard the satellite are described. The
Akebono satellite has been operating successfully for more than 25 years since
its launch in February, 1989. We review the long-term observations by the ELF
receiver in this chapter.
In Chapter 4, we study typical EMIC waves observed by the Akebono satellite. We
focus particularly not only on major ion band EMIC waves (e.g., the H+ band,
He+ band, O+) but also the minor ion band EMIC waves (e.g., the M/Q = 2
ion band). The “M/Q = 2 ion” is an ion whose mass-charge ratio is 2. It is
presumed that such an M/Q = 2 ion is the deuteron (D+), which originates from
the ionosphere, or an alpha particle (He++), which originates from the solar wind.
Observations of such anM/Q = 2 band EMIC waves suggest the existence of minor
ions in the inner magnetosphere. When there exists a certain amount of M/Q = 2
ions, a mode of the EMIC wave above ΩHe+ is separated into two modes the H
+
branch and the M/Q = 2 ion branch where Ωi denotes the cyclotron frequency
of ion species “i”. EMIC waves that have a characteristic cutoff frequency just
above ΩH+ were observed by the ELF receiver. Such a characteristic cutoff can
be explained when there exists a certain amount of M/Q = 2 ions. We estimate
the major and minor ion composition by measuring the characteristic frequency of
EMIC. In addition, we statistically study the EMIC waves, which suggests minor
ion existence, to estimate the spatiotemporal dependence of the M/Q = 2 ion
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distribution. We also discuss multiband EMIC waves observed by the Akebono
satellite. For example, the case study of the triple band EMIC waves observed by
the ELF receiver on April 25, 1989 shows the existence of oxygen isotopes.
In Chapter 5, we discuss ion cyclotron whistlers observed by the Akebono satellite.
Ion cyclotron whistler waves, which are EMIC mode waves, are closely related to
lightning whistlers. They are generated by mode conversion from an R-mode
whistler wave into an L-mode ion cyclotron wave at the local EMIC crossover
frequency. We can estimate the ion composition at the local point and along
the propagation path by measuring the characteristic frequencies of observed ion
cyclotron whistlers. Watanabe et al. [1975] reported the first observation ofM/Q =
2 ion cyclotron whistlers measured by the ISIS-2 satellite. According to their
analysis, M/Q = 2 ion cyclotron whistlers were observed in the altitude region
around 1360–2800 km (L = 1.2–1.6). It is important to know the properties of
M/Q = 2 ions in the inner magnetosphere because a realistic ion distribution
model will be useful for further studies of the inner magnetosphere. In other
words, the observation of these minor ions gives important clues for clarifying how
M/Q = 2 ions originate and how they circulate in the inner magnetosphere. The
detailed spectral analyses of the plasma waves are a useful diagnostic tool for the
circulation of magenetospheric minor ions. We surveyed long-term observations
by the ELF receiver, and found 3775 ion cyclotron whistler waves. 933 M/Q = 2
ion cyclotron whistlers were observed by the receiver. They are observed in the
altitude region around 3200–10500 km, with the latter being the highest altitude at
which M/Q = 2 ion cyclotron whistlers have been observed to date. We study the
spatiotemporal dependence of the occurrence frequency of M/Q = 2 ion cyclotron
whistlers, and discuss M/Q = 2 ion distribution, origins, and dependence on other
conditions (e.g., solar activity). We also discuss the existence of M/Q = 8 ions
and heavier ions than O+ in this chapter.
We propose onboard processing techniques for next-generation wave observation
in Chapter 6. Phase information of the observed plasma waves is important for
advanced analysis such as finding the wave normal direction, Poynting vector
analysis, and polarization analysis. To improve observation quality (accuracy, res-
olution, and variation) it is important to determine the characteristic frequencies
of the EMIC as described above. Therefore, it is necessary to evaluate computa-
tion time and telemetry capacity to realize advanced plasma wave analysis onboard
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satellites. We focus on the techniques of the fast Fourier transform (FFT), the cal-
culation of (inverse) trigonometric functions, methods of phase information deriva-
tion, and averaging of phase information. We propose appropriate techniques and
observation modes for a plasma wave receiver onboard a scientific satellite. We
evaluate computation time and accuracy of the proposed techniques and modes
by using dummy data and real waveforms observed by the Selene satellite and the
Akebono satellite.
In Chapter 7, we conclude our work and give the conclusions obtained in the
present study. Finally, we offer suggestions for further study.
Chapter 2
Theory and Observations in the
Earth’s Inner Magnetosphere
2.1 General information
As is well known, the Earth has a substantial magnetic field, which exerts Lorentz
forces on charged particles (ions and electrons). The region inhabited by this
background magnetic field is called “the Earth’s magnetosphere” [Gold , 1959].
The structure of the Earth’s magnetosphere is characteristically complex due to
interaction with energetic (a few tens of keV) charged particles flowing from the
Sun (the so-called “solar wind”). As shown in Figure 2.1, the dynamic solar wind
pressure extends the Earth’s geomagnetic field lines toward the local night region.
Since these extended geomagnetic field lines form a tail-like structure, they are
known as the “magnetotail”. According to observations by ISEE-3, GEOTAIL,
and other satellites, the magnetotail extends several hundred to several thousand
Earth radii (RE) [Fairfield , 1968, Tsurutani et al., 1984]. The geomagnetic field is
weak around the equatorial magnetotail region because the Northern and Southern
lobes have opposite magnetic fields. A huge number of energetic solar wind par-
ticles enter the magnetosphere, forming a thin sheet-like structure called “plasma
sheet”. The plasma sheet is considered an important source of auroral particles.
The magnetosphere and its outside region are separated by a thin boundary called
the “magnetopause” [Cahill et al., 1963, Sonnerup et al., 1967], where the solar
wind dynamic pressure equals the geomagnetic field pressure. The magnetopause
is compressed within a thin region of approximately 10RE [Wilken et al., 1986].
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The “magnetosheath” defines the area between the bow shock region and the mag-
netopause. It forms when solar wind shocks establish a bow shock region around
the outside of the magnetopause.
Figure 2.1: Schematic diagram of the Earth’s magnetosphere.
Particle convection in the magnetosphere is an important topic in magnetospheric
physics. Magnetic reconnection and the particle convection process were first in-
vestigated by Dungey [1961]. He suggested that the southward interplanetary
magnetic field and the Earth’s northward geomagnetic field reconnect in front of
the Earth, and that the reconnected magnetic field lines are transported down-
stream. The geomagnetic field lines are separated and again reconnected around
the magnetotail region. The reconnected geomagnetic field line is dragged in
the direction of the Earth by the tension imposed by the magnetic field lines.
Charged plasma particles are transported along with the geomagnetic field lines.
This mechanism is responsible for magnetic reconnection and particle convection
in the magnetosphere.
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Ring current
Transported plasmasheet particles change their trajectories by ∇B drift and cur-
vature drift. Figures 2.2a and 2.2b show the drift paths of positively charged par-
ticles (ions) and negatively charged particles (electrons), respectively. As shown
in the figures, ions drift toward the west and electrons drift toward the east.
Consequently, a ring-shaped current is formed at altitudes around 3.5RE above
the geomagnetic equator, where the plasma and magnetic pressures are balanced.
This current system is called the “ring current” [Singer , 1957]. The geomagnetic
disturbance caused by the ring current system is thought to decrease the ambi-
ent geomagnetic field. During a geomagnetic storm, Humboldt found that the
geomagnetic field intensity reduces over the entire Earth. After a typical geomag-
netic storm, the intensity of the Earth’s geomagnetic field decreases over several
hours, and then gradually recovers to moderate levels over a few days. A geomag-
netic storm is classified by the intensity variation of the background geomagnetic
field. The period of intensity decrease is called the “main phase”, and the period
of intensity restoration is the “recovery phase”. Before the main phase, the in-
tensity of the geomagnetic field is slightly increased by the enhanced solar wind
pressure, which compresses the magnetosphere. This phenomenon, called “sud-
den commencement” (SC), and occurs in the so-called “initial phase”. The initial
phase lasts for a few hours to approximately one day, depending on the variation
of the southward interplanetary magnetic field (IMF Bz). Relative to moderate
intensity, the geomagnetic field intensity varies by less than 0.1% in a typical geo-
magnetic storm, but can reduce by 1% in a large storm [Campbell , 1997, Gonzalez
et al., 1994, and references therein]. A decrease in the geomagnetic field manifests
as variations in the Dst index (see Section 2.3).
Plasmasphere
The plasmasphere, which contains very dense, cold plasma particles (density and
energy ∼ 104 /cc and a few eV, respectively), is an important element of the
Earth’s inner magnetosphere. Carpenter [1963] discovered that the electron den-
sity suddenly decreases around 4RE, marking the edge of the plasmasphere. They
investigated the lightning whistler dispersion, which strongly depends on the elec-
tron density, and found dispersion anomalies known as “knee-whistlers”. Knee-
whistlers are characterized by a sudden change in the frequency versus time spectra
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Figure 2.2: Drift paths of (a) positively charged particles and (b) negatively
charged particles.
around 4RE, at the edge of the plasmasphere. Their presence suggests the exis-
tence of a region that Carpenter’s team called the “plasmapause” (for more details
on lightning whistlers, see section 2.4.2).
Van Allen radiation belt
Based on Explorer 1 observations, Van Allen et al. [1958a,b, 1959] discovered
relativistic radiation particle tori at altitudes of a few thousand km (the so-called
inner belt) and a few tens of km (the outer belt). A schematic of the Van Allen
radiation belt is shown in Figure 2.3 [Baker et al., 2013]. The majority of trapped
particles in the inner belt are ions with energies ranging from a few keV (energetic)
to a few MeV (relativistic). In the outer belt, most of the trapped particles are
relativistic electrons.
Figure 2.4 presents the average electron distribution maps observed by the radi-
ation monitor (RDM) instrument onboard the Akebono satellite in 1990 [Center
for Science-satellite Operation and Data Archive (C-SODA) at ISAS/JAXA, Tak-
agi et al., 1993]. Left, middle, and right panels show the electron fluxes > 2.5
MeV, 0.95–2.5 MeV, and 0.30–0.95 MeV, respectively. Two high-flux regions are
clearly visible; one within approximately L ∼ 2, the other beyond approximately
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Figure 2.3: Schematic diagram of the typical 2-belt structure of the Van Allen
radiation belt [Baker et al., 2013].
L ∼ 3. In the central region between the inner and outer belts is the so-called
“slot region”, where the electron flux is depleted.
Recently, geomagnetic disturbance and its recovery process were found to desta-
bilize the population of relativistic particles. For example, Miyoshi et al. [2005]
investigated the impact of coronal mass ejections (CMEs) on the radiation belt
fluxes. Relativistic particle fluxes suddenly decrease during the main phase of
a storm and gradually rebuild during the storm recovery phase. The extent of
this behavior depends on the scale of the geomagnetic storm. Additionally, Nagai
et al. [2012] investigated the rebuilding process of the outer radiation belt using
the RDM onboard the Akebono satellite. In their analysis of data observed by
the REPT instrument onboard Van Allen Probes, Baker et al. [2013] discovered a
temporal third radiation belt.
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Figure 2.4: Average electron distribution maps observed by the RDM in-
strument onboard the Akebono satellite in 1990 [Center for Science-satellite
Operation and Data Archive (C-SODA) at ISAS/JAXA, Takagi et al., 1993].
High and low fluxes are rendered in red and blue, respectively.
2.2 Ion composition
The major ion species in the inner magnetosphere are H+, He+, and O+. He+
is distributed throughout the inner magnetosphere, and its typical density ra-
tio ranges from approximately 10% to 20% [Lemaire et al., 1998]. Observations
by Dynamics Explorer 1 (DE-1) provideds valuable information on the Earth’s
plasmaspheric ion composition. Comfort et al. [1988] deduced the density of plas-
maspheric ions (H+, M/Q = 2 ion, He+, O++, and O+) from retarding ion mass
spectrometer (RIMS) instrument [Chappell et al., 1981] onboard this satellite. Fig-
ure 2.5 displays the mean profiles of the ratios of the major ion species (He+ and
O+) to H+. As seen in the figure, the density ratio of He+ decreases with L till
L ∼ 3 on the morning side and L ∼ 2 on the evening side. Above the high-L
shell region, the ratios are stable at approximately 12% and 20% on the morning
and evening sides, respectively, consistent with other satellite observations and as
is known [Lemaire et al., 1998]. From RIMS observations, researchers can also
derive the density ratio of O+ (see bottom two panels of Figure 2.5). By analyzing
DE-1/RIMS observation data, Chappell [1982] suggested the existence of an oxy-
gen torus in the inner magnetosphere. The oxygen torus continues to be discussed
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to this day. For example, Nose´ et al. [2011] analyzed plasma wave data obtained
by the Combined Release and Radiation Effects Satellite (CRRES) [Johnson and
Kierein, 1992] and found events consistent with oxygen enhancements, suggesting
excitation of oxygen in the deep inner magnetosphere.
As seen in Figure 2.6, the RIMS instruments measure the density ratios of doubly
charged particles. They have revealed a certain amount of doubly charged particles
in the inner magnetosphere. However, to protect the instruments from high ionic
fluxes, RIMS observations are collected in restricted locations (for more details,
see Comfort et al. [1988]). The detailed distributions and variability of the ions,
particularly the minor ions, are yet to be clarified.
Figure 2.5: Mean profiles of ratios of He+ to H+ and O+ to H+ densities
observed by the RIMS instrument onboard the DE-1 satellite [Comfort et al.,
1988].
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Figure 2.6: Mean profiles of ratios of He++ to H+ and O++ to H+ densities
observed by the RIMS instrument onboard the DE-1 satellite [Comfort et al.,
1988].
Suprathermal Mass Spectrometer (SMS) instrument onboard Akebono [Whalen
et al., 1990, Yau et al., 1998] measures thermal He++ ion counts. However, SMS
instrument operates only at quite high latitude region (approximately > 70 de-
grees) to protect the instrument from relativistic particle fluxes. Existence of a
small amount of M/Q = 2 ions was reported by Sagawa et al. [1990] using SMS
instrument in high-latitude plasmasphere.
There are two possibilities of the species of such M/Q = 2 ion; deuteron (D+)
or alpha particle (He++). In general, D+ are provided from ionosphere. Natural
concentration of D+ in ocean water is approximately 0.00016 [Banks et al., 1973].
The density ratio n(D+)/n(H+) in the ionosphere is found by several past satellite
observations at approximately 0.001 to 0.01 [Banks et al., 1973, Comfort et al.,
1988, Roberts et al., 1987]. On the other hand, He++ are provided from the solar
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wind. Whalen et al. [1978] showed that He++ concentration in the solar wind is
approximately 0.04. However, it is difficult to determine the species of ion (D+ or
He++) because their M/Q ratios are equal.
2.3 Disturbance
As mentioned above, the Sun’s corona incessantly emits high-speed charged parti-
cles as solar wind, which reaches the Earth’s revolution orbit at an average velocity
of approximately 450 km/s. The properties of the solar wind and their impact on
the Earth’s magnetosphere are strongly related to solar activity. The solar wind
involves not only charged particles but also its own magnetic field lines. CME flows
comprise huge amounts of gas threaded with magnetic field lines ejected from the
Sun. The velocity of these flows can approach 1000 km/s. CME flows are observed
by the coronagraph onboard the scientific satellite (e.g., Yashiro et al. [2004]).
Such ejections from the Sun disturb the Earth’s geomagnetic field. Particle flows
from the plasmasheet affect the Lorentz forces acting in the magnetosphere. Ge-
omagnetic field disturbance is quantified by the Dst Index, calculated from varia-
tions in the hourly averaged northward horizontal geomagnetic field intensities H
observed at four stations (Honolulu, San Juan, Hermanus, and Kakioka) located
between 20 degrees and 30 degrees geomagnetic latitude (2.1). In particular, the














where Λi denotes the geomagnetic latitude of the station; t and t
′ denote universal
and local time, respectively; H0 is the quiescent geomagnetic field intensity (used
as the reference intensity); and Hsq is the daily quiescent solar variation. The
Dst index is positive (negative) when the intensity of the northward (southward)
geomagnetic field exceeds that of the southward (northward) field. Dst index data
are provided by the Geospatial Information Authority of Japan and the WDC for
Geomagnetism, Kyoto [World Data Center for Geomagnetism, Kyoto, 2014].
Figure 2.7 shows typical Dst index variations observed in September 1989. Green,
blue, and yellow regions denote the initial, main, and recovery phases, respectively,
of the geomagnetic storm (see previous section). The sudden commencement of
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the storm is outlined by the dashed circle. The Dst index was reduced to approxi-
mately −250 nT during the main phase, indicating a relatively large geomagnetic
disturbance in the Earth’s magnetosphere.
Figure 2.7: Variation of Dst indices in September 1989.
2.4 Plasma waves
2.4.1 Wave-particle interaction
Energy is efficiently transferred between plasma waves and charged particles when
the Doppler-shifted frequency of the wave equals the cyclotron frequency of the
counter-propagated particle [Gary , 1993, Stix , 1962, Thorne et al., 2013]. This
phenomenon is called “cyclotron resonance”. The resonance condition is expressed
as follows:
ω − k||v|| = Ω
γ
, (2.2)
where ω and Ω denote the wave frequency and cyclotron frequency of the charged
particle, respectively. k|| and v|| are the components of the wave propagation
vector and particle velocity, respectively, along the geomagnetic field line. γ is the
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where c is the speed of light. Cyclotron resonance between a field-aligned prop-
agating right-handed polarized wave and an electron is illustrated in Figure 2.8.
Electron gyration (red line) is right-handed in the plane vertical to the background
magnetic field B0. When the electron gyro frequency equals the frequency of the
counter-propagating right-handed polarized wave (blue line), cyclotron resonance
occurs. The same resonant interaction occurs between an ion and a left-handed
plasma wave.
Figure 2.8: Schematic of cyclotron resonance between an electron and a
counter-propagating right-handed polarized wave. Red and blue lines denote
the loci of the electron cyclotron motion and the wave vector, respectively.
2.4.2 Plasma waves in the inner magnetosphere
Plasma waves in the Earth’s magnetosphere are strongly related to charged par-
ticles over a wide range of energies (few eV to several tens MeV). Interacting
waves and particles donate or receive their energies under the resonance condi-
tion. Thorne et al. [2013] reviewed the important plasma waves in the inner
magnetosphere, and schematically summarized their conclusions (see Figure 2.9).
As described in the previous section, ring current ions and electrons injected into
the magnetosphere from the plasma sheet are driven in opposite directions. There-
fore, plasma wave enhancement is separated into various zones by the varying drift
paths of the interacting particles (ions and electrons).
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Figure 2.9: Schematic illustration of the spatial distribution of important
waves in the inner magnetosphere, in relation to the plasmasphere and the drift-
paths of ring-current (10–100 keV) electrons and ions and relativistic (≥ 0.3
MeV) electrons [Thorne, 2010].
Electromagnetic ion cyclotron waves
Electromagnetic ion cyclotron (EMIC) waves play an important role in inner mag-
netospheric physics. They are excited by the cyclotron instability of anisotropic
energetic ions (with energies of tens of keV) [Cornwall , 1965, Kozyra et al., 1984].
They propagate as left-handed polarized plasma waves. According to observations
by the GEOS1 and GEOS2 satellites, Young et al. [1981] reported that extremely
low frequency (ELF) waves, assumed to be EMIC waves, are observed below the
proton cyclotron frequency near the geomagnetic equator in the magnetosphere.
Their sources are typically confined within ∼ 11 degrees of the geomagnetic equa-
torial plane [Fraser et al., 1996, Loto’aniu et al., 2005].
Representative classical studies of EMIC waves around the equatorial region in-
clude that by Young et al. [1981], who suggested that EMIC waves are closely
related to heavy ions (e.g., He+, O+) and that polarization reversals of EMIC
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waves are caused by these ions at the crossover frequency. They also pointed out
that EMIC waves have a lower cutoff at the so-called bi-ion hybrid frequency. No-
tably, these characteristic frequencies change depending on the ion constituents
in the plasma. This fact suggests that we can estimate the ion constituents by
measuring the characteristic frequencies of EMIC waves.
Recently, the growth mechanism of EMIC waves has attracted great interest.
EMIC-triggered emissions were observed by the Cluster satellite and reported by
Pickett et al. [2010]. They suggested that EMIC waves are amplified by a nonlin-
ear wave growth mechanism. Such emissions have since been recorded by several
satellites (for example, [Nakamura et al., 2014, Sakaguchi et al., 2013, Shoji et al.,
2014]). Moreover, EMIC-triggered emission was replicated in hybrid simulations
based on nonlinear wave growth theory, performed by Omura et al. [2010] and
Shoji et al. [2011].
As is well known, EMIC waves effectively scatter the energetic ions in ring currents
[Cornwall , 1970, Jordanova, 2007]. Some of these scattered ions resonate within
the loss cone and cause proton auroras. In their simultaneous observations of
EMIC waves and proton aurora, Sakaguchi et al. [2007] confirmed that the isolated
proton arc observed at subauroral latitudes was caused by EMIC waves. EMIC
waves are also profoundly related to the loss mechanism of relativistic electrons
in the radiation belt [Albert , 2003, Horne and Thorne, 1998, Lyons et al., 1972,
Meredith et al., 2003, Thorne and Kennel , 1971].
In general, left-handed polarized EMIC waves cannot interact with electrons. How-
ever, if the pitch angle is scattered by anomalous cyclotron resonances of EMIC
waves, relativistic electrons trapped in the radiation belt may diffuse. The anoma-
lous resonance condition is expressed as follows:
ω − k||v|| = −Ωe
γ
, (2.4)
where Ωe denote electron cyclotron frequency [Omura et al., 2012]. Recall that
pitch angle scattering of energetic ions by EMIC waves causes proton auroras.
Miyoshi et al. [2008] simultaneously observed the proton aurora and relativistic
electron fluxes through ground and satellite instruments, respectively, and pro-
vided direct evidence that EMIC waves release relativistic electrons into the at-
mosphere.
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Clearly, EMIC waves are an attractive target for clarifying inner magnetospheric
physics; therefore, how EMIC waves are excited and propagated is a research
priority.
Chorus
Whistler-mode chorus emission is a very low frequency (VLF) emission observed
in the inner magnetosphere. Chorus is generated in the equatorial region when the
minimum magnetic field aligns with a geomagnetic field line [Kennel and Petschek ,
1966]. Chorus has been repeatedly observed by numerous satellites (including
OGO-3 [Burtis and Helliwell , 1976], THEMIS [Kurita et al., 2012, Li et al., 2009,
and references therein], CRESS [Summers et al., 2002, and references therein],
Cluster [Yearby et al., 2011, and references therein], GEOTAIL [Habagishi et al.,
2014, Yagitani et al., 2014, and references therein], Akebono [Kasahara et al., 2009,
and references therein], and Van Allen Probes [Santol´ık et al., 2014, and references
therein]). Chorus is frequently observed as a narrowband periodic emission around
the 0.1Ωce0–0.8Ωce0 frequency range, where Ωce0 denotes the electron cyclotron
frequency at the geomagnetic equator [Burtis and Helliwell , 1969, Santol´ık et al.,
2003, Tsurutani and Smith, 1977]. The upper and lower panels of Figure 2.10
display the spectral intensity of the wave in the magnetic field and normal to the
angle of chorus emissions, respectively. These emissions were observed by THEMIS
D from 05:55:27 to 05:55:33.8 UT on October 31, 2008. As shown in Figure 2.10, a
chorus is characterized by rising tones in its spectrum, and propagates in the field-
aligned direction over the entire frequency range. Such propagation characteristics
can be explained by “nonlinear wave growth theory” [Omura et al., 2009].
Figure 2.11 presents the time-frequency power spectrogram of the electric field
fluctuations recorded by Cluster 1 of the Wide Band Data instrument. These data
were collected close to the chorus source on April 18, 2002 [Santol´ık et al., 2003].
The white line indicates 0.5Ωce0. An emission gap below 0.5Ωce0 is clearly visible
along the trajectory. Chorus emissions are successfully separated into upper- and
lower-band emissions by nonlinear damping [Habagishi et al., 2014, and references
therein].
Recently, chorus has been shown to play a role in nonadiabatic electron acceler-
ation and relativistic electron generation in the Van Allen radiation belt [Horne,
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2007, Omura and Summers, 2004, Thorne et al., 2013, Xiao et al., 2014, and ref-
erences therein]. Such acceleration processes have been widely investigated during
geomagnetic storms. Ray-tracing studies and hybrid computer simulations of cho-
rus have been conducted by Bortnik et al. [2007], Katoh and Omura [2007], and
Omura and Summers [2004]. Their studies support the nonlinear wave growth
theory of chorus and provide important evidence of wave-particle interactions in
the inner magnetosphere.
Figure 2.10: Chorus emissions observed from 05:55:27 to 05:55:33.8 UT on 31
October 2008 by THEMIS D. (a) Wave spectral intensity in magnetic field. (b)
Wave normal angle. The dotted lines in Figures represent half the local gyro
frequency [Kurita et al., 2012].
Figure 2.11: Time-frequency power spectrogram of electric field fluctuations
recorded by the WBD instrument by Cluster 1 close to the source of chorus on
18 April 2002. Over-plotted white line indicates 0.5Ωce0 [Santol´ık et al., 2003].
Lightning whistler
Lightning whistler is a type of VLF emission induced by lightning discharge [Hel-
liwell , 1965]. It propagates as an R-mode plasma wave along the geomagnetic
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field line from the Earth’s ionosphere to the opposite hemisphere. Its frequency
is of the order of several tens of Hz, and its propagation properties, especially the
characteristic delay in its spectrum delay, are worthy of mention. The top panel of
Figure 2.12 displays the electric field wave spectrum of a lightning whistler below
15 kHz, observed by the WBA receiver onboard the [Oya et al., 1990] (see sec-
tion 3.3.1.3). Lightning whistlers were observed at 00:31:35 UT and 00:31:37 UT.
The bottom panel of Figure 2.12 is a schematic of the observed lightning whistler
waves. The arrival time t of a lightning whistler with frequency f is approximated
by Helliwell [1965]:








whereD is the dispersion of the lightning whistler; t1 and f1 denote the arrival time
and frequency of a component of the lightning whistler, respectively; and t2 and f2
indicate the arrival time and frequency, respectively, of the subsequent component.
D is a constant derived from the frequencies and delay times. Equation (2.5) can
be rewritten as follows [Oike et al , 2014]:
∆t = D ·∆ 1√
f
. (2.6)
2.4.3 Fundamental equations of plasma waves
The behaviors of plasma waves are largely governed by the motions of charged
particles in the static magnetic field. They are induced by resonance between
the waves and the charged particles, and the particles propagate as they interact
with charged particles over a wide range of energies. The wave-particle interaction
process is detailed in the following section. Here we introduce the fundamental
equations of plasma wave physics.
Cyclotron frequency
An important parameter of plasma waves and charged particles is the cyclotron
frequency Ω. The equation of motion of a charged particle in an electromagnetic
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Figure 2.12: (top) Spectrum of electric field waves below 15 kHz, observed
by the WBA receiver onboard the Akebono satellite on July 15, 1989; (bottom)
Schematic of the observed lightning whistler waves.




= q(E + v ×B), (2.7)
where m, q, and v denote the mass, charge, and velocity of the charged particle,
respectively. E and B denote the electric and magnetic field vectors, respectively.
When E=0, (2.7) reduces to the equilibrium equation between particle motion
and the Lorentz force.
We now consider a particle moving in a static magnetic field whose z-axis is parallel
to the geomagnetic field; that is, we assume B = Bez, where B and ez denote the
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magnetic field intensity and the unit vector parallel to Z, respectively.

















































Solving (2.13) and (2.14), we obtain the Larmor radius rL (2.15) and the cyclotron









Clearly, the cyclotron frequency of an ion depends on the ion species, since it
is inversely proportional to the mass m and directly proportional to the charge
q. Table 2.1 shows the relative mass Mi, charge Qi, and Mi/Qi ratio of several
ionic species. Here, the masses and charges are relative to those of H+; that is,
Mi = mi/mH+ and Qi = qi/qH+ . Therefore, Mi/Qi indicates the reciprocal of the
relative cyclotron frequency of ionic species i divided by that of H+. For example,
the relative mass (MHe+) and charge (QHe+) of He
+ are 4 and 1, respectively;
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therefore, MHe+/QHe+ = 4. This indicates that the cyclotron frequency of He
+ is
quarter that of H+.
Table 2.1: Relative mass and charge of ion species i.
ion species Mi Qi Mi/Qi
H+ (hydrogen) 1 1 1
D+ (deuteron) 2 1 2
He++ (doubly charged helium, alpha particle) 4 2 2
He+ (helium) 4 1 4
O++ (doubly charged oxygen) 16 2 8
O+ (oxygen) 16 1 16
Wave ellipticity
Polarization parameters of a plasma wave are defined by orthogonal wave ampli-






where ax and ay denote wave amplitudes of Hx and Hy, respectively. δ denotes
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Wave ellipticity η can be described as ratio between s3 and s0, which has a value







1 + |ρ|2 . (2.21)
Here we defined ellipticity in a vertical plane against the wave propagation di-
rection. η = 1 and −1 indicate totally right-handed and left-handed circular
polarization, respectively. η = 0 indicated linear polarization.
2.4.4 Dispersion relation
Hines [1957], Stix [1962], and Kimura [1966] indicated that the dispersion relation
under the cold plasma approximation with multiple ion constituents is represented
by a biquadratic equation in n2 as follows:
An4 − Bn2 + C = 0, (2.22)
where n denotes refractive index. A, B, and C are denoted by (2.23), (2.24), and
(2.25), respectively.
A = Ssin θ2 + P cos θ2, (2.23)
B = RLsin θ2 + PS(1 + cos θ2), (2.24)
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where Xα and Yα denote ωp
2/ω2 and Ωp/ω of ion species i, respectively.
We can obtain two modes of refractive indices by solving (2.22), which correspond
to right-handed and left-handed polarization, by solving the equation. For parallel
propagation, refractive indices are shown as follows:


































where ωpi and Ωi denote the plasma frequency and cyclotron frequency of ion
species “i”, respectively. ωpe and Ωe denote the electron plasma frequency and cy-
clotron frequency, respectively. n||R and n||L correspond to the refractive index for
a right-handed and left-handed polarized wave, respectively. R and L correspond
to the parameters of a biquadratic equation in n2 defined by Stix [1962].
If there exist two species of major ions, H+ and He+, the dispersion relation of
an EMIC wave in cold plasma theory is represented as shown in Figure 2.13. The
coarsely hatched region corresponds to the region of left-handed polarization and
the finely hatched region corresponds to the region of right-handed polarization.
The relative ion constituents are H+:80.0% and He+:20.0%.
As shown in Figure 2.13, the dispersion relation is separable into four regions.
The region indicated by the symbol “e” is associated with right-handed electron
mode waves. The characteristic frequencies of electron modes between Ωpe and
Ωe are associated with electron cyclotron waves, upper hybrid resonance (UHR)
waves, and similar phenomena. On the other hand, the regions indicated by ion
species symbols are occupied by EMIC mode waves. As is well known, EMIC
waves in plasmas are usually left-handed polarized. However, in multiple com-
ponent plasma, the dispersion relation of EMIC waves divides into two branches
with different characteristics. In Figure 2.13, the dispersion relation is separated
into a H+ mode (ω/ΩH+ > 0.35 |k→∞) and a He+ mode(ω/ΩH+ < 0.25 |k→∞).
With decreasing frequency of the H+ mode EMIC wave, the polarization gradu-
ally changes from left-handed to linear and finally to right-handed. The frequency
at which the EMIC wave becomes linearly polarized is known as the “crossover
frequency” (ωcr). The crossover frequency can be theoretically obtained by solving
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Figure 2.13: Dispersion curve of an electromagnetic ion cyclotron mode wave.
The relative ion constituents are H+:80.0% and He+:20.0%.












where Ai and mi denote the concentration and the mass of ion species “i”, respec-
tively (
∑
iAi = 1), and me denotes the electron mass.





Bi-ion hybrid frequency (ωbi) appears under the resonance condition (R+ L = 0)
when the wave normal vector of EMIC waves is perpendicular to the geomagnetic
field. Bi-ion hybrid frequencies indicate upper bound of wave propagation in the
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perpendicular condition. They are obtained by solving the equation R + L = 0







where the approximations ωbi
2 ≪ Ωe2 and ωbi2 ≫ Ωi2 are applied in the formula.
EMIC waves are basically generated with their wave normal angle almost parallel
to the geomagnetic field close to the equator, which is the condition for maximum
growth rate of the waves, as indicated by Roux et al. [1982]. However, as EMIC
waves propagate, they change their propagation characteristics. Rauch et al. [1982]
investigated refractive index surfaces of EMIC waves and showed in their analysis
(Figure 5 in their paper) that the group velocity, whose direction is perpendicular
to the refractive index surface, is almost parallel to the geomagnetic field lines
for ω > ωbi even if the wave has a large wave normal angle. Kasahara et al.
[1992] showed results of cold plasma ray tracing of EMIC waves. They started
ray tracing at the geomagnetic equator with a parallel wave normal angle and
demonstrated that the wave normal angle quickly increases and finally converges
towards perpendicular within several tens of seconds. However, EMIC waves con-
tinue to propagate along the geomagnetic field lines toward higher latitude region.
They also showed that the wave number increases as the waves propagate along
the propagation paths and the waves reflect back at the bi-ion resonance condition
and are trapped within a limited geomagnetic latitude range. The low frequency
part of the EMIC wave becomes evanescent and cannot propagate toward higher
latitude. Therefore, lower limit frequency of EMIC wave corresponds to the bi-ion
hybrid frequency (ωbi).
2.5 Influence of plasma waves on the inner mag-
netospheric environment
In this section, we summarize the impact of plasma waves on particles in the en-
ergetic ring current and the relativistic radiation belt. Figure 2.14 schematizes
the mechanisms of wave-particle interactions in the inner magnetosphere. Red
and blue arrows indicate interactions with whistler mode waves and those with
ion mode waves, respectively. As mentioned in the previous sections, particle ac-
celeration and loss processes largely depend on the excitation and propagation of
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plasma waves. Whistler mode chorus waves are excited by cyclotron resonance
with electrons injected from the plasma sheet (arrow 1) [Burtis and Helliwell ,
1969, Kennel and Petschek , 1966]. In turn, the chorus waves accelerate ener-
getic ring current electrons to relativistic energies (arrow 2) [Meredith et al., 2002,
Omura and Summers, 2004, Summers et al., 2002]. This phenomenon is described
by the “nonadiabatic acceleration theory of relativistic electrons”, the accepted
mechanism by which relativistic electrons are accelerated inside the inner magne-
tosphere.
On the other hand, EMIC waves are excited by cyclotron instabilities of anisotropic
ions (arrow 3) [Cornwall , 1965, Kozyra et al., 1984]. The propagation properties of
an EMIC wave strongly depend on the background plasma composition (arrow 4)
[Young et al., 1981]. Excited EMIC waves effectively scatter energetic ring current
ions and resonate into the loss cone (arrow 5) [Cornwall , 1970, Jordanova, 2007].
In addition, relativistic electrons accelerated by whistler mode chorus waves are
effectively scattered by EMIC waves and thereby ejected from the outer radiation
belt (arrow 6) [Albert , 2003, Lyons et al., 1972, Meredith et al., 2003, Thorne and
Kennel , 1971].
Figure 2.14: Schematic of mechanisms of wave-particle interactions in the
inner magnetosphere. Red and blue arrows indicate particle interactions with
whistler mode waves and ion mode waves, respectively.
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2.6 Future satellite observation
Exploration of energization and Radiation in Geospace (ERG) is a future mission
for discovering inner magnetospheric physics. Developed by the Japan Aerospace
Exploration Agency (JAXA), the ERG mission comprises a satellite observation
team, a ground-based network observation team, and an integrated data analy-
sis/simulation team. The most important aim of the ERG mission is to understand
particle acceleration, loss mechanisms, and the dynamic evolution of space storms
in the context of cross-energy and cross-regional coupling [Miyoshi et al., 2013].
The ERG satellite will be launched in 2016 (the declining phase of solar cycle
24). The satellite will conduct in-situ investigations on the mechanisms of local
particle acceleration, particle loss, and interactions between particles and plasma
waves. The apogee and perigee of the satellite orbit is 4.5RE and 300 km, respec-
tively. The satellite will be launched into a low-inclination orbit (approximately
31 degrees). An overview of the satellite is represented in Figure 2.15. A couple of
dipole wire antennae (tip-to-tip length = 32 m) and a three-axis search coil will be
installed onboard the satellite. The ERG satellite will also be installed with four
instruments: the plasma particle experiment (PPE), the electric field and plasma
wave experiment (PWE), the magnetic field experiment (MGF), and a software-
type wave particle interaction analyzer (SWPIA). The MGF covers frequencies
ranging from DC to several tens of Hz, encompassing the background magnetic
field, ULF Pc5 pulsations, and Pc1 EMIC waves. SWPIA directly measures the
energy exchange processes between particles and plasma waves. This instrument
calculates the quantity E · v(t), where E denotes the instantaneous electric field
vector detected by the plasma wave receiver and v denotes the electron velocity
supplied by the particle detector. The sign of E · v(t) determines the direction of
energy flow [Fukuhara et al., 2009, Katoh et al., 2013, 2014].
Figure 2.16 schematizes the scientific instruments onboard the ERG satellite, the
energy coverage of the particle instruments, and the frequency coverage of the
plasma wave instrument. The energy ranges are 12–20 MeV for electrons and 10–
180 keV for ions. The angular direction of the sensor elevation in the ion detector
is resolved to 5 degrees. The particle instruments onboard the ERG satellite cover
a wide energy range and are expected to yield comprehensive observations of the
inner magnetospheric particles. In the plasma wave experiment, the electric and
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Figure 2.15: Appearance of the Energization and Radiation in Geospace
(ERG) satellite [Miyoshi et al., 2013].
magnetic field frequencies range from DC to 10 MHz and from a few Hz to 100
kHz, respectively. The plasma wave experiment has four sub-systems:
• Electric field detector (EFD),
• Wave form capture (WFC),
• Onboard frequency analyzer (OFA),
• High frequency analyzer (HFA).
The electric field detector (EFD) measures the waveforms and spectra of relatively
low-frequency constituents, and covers the frequency range of ULF Pc5 pulsations
(2–80 Hz). The wave form capture (WFC) and onboard frequency analyzer (OFA)
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measure the waveforms and spectra of extremely low frequency (ELF) and VLF
components, respectively. The frequencies covered by WFC (10–20 kHz) typify the
frequencies of EMIC waves observed near the plasmapause and some of the whistler
mode waves above the ion cyclotron frequency (such as magnetosonic and light-
ning whistler waves). WFC/OFA also measures the 2 seconds averaged spectrum
matrix of the B field. The operation mode (combination of waveform/spectrum/s-
matrix) is adaptable to observation policies and conditions. The high frequency
analyzer (HFA) measures the relatively high frequency components of electric and
magnetic field wave spectra (below 10 MHz and 100 kHz, respectively), and covers
electrostatic cyclotron harmonic waves and UHR waves. Its data will be used to
estimate electron number densities.
Figure 2.16: Science instruments onboard the ERG satellite. (a) Energy range
of the plasma and particle experiment instruments. (b) Frequency range of the





The Akebono satellite, one of Japan’s science spacecrafts, has successfully observed
the auroral region and inner magnetosphere for over 25 years since its launch in
February, 1989. Long-term observation data collected by the Akebono satellite
cover two cycles of solar activity, providing valuable information on inner mag-
netospheric physics. An overview of the satellite is shown in Figure 3.1. The
Akebono satellite is spin-stabilized by pointing its spin axis toward the sun at
periods of nearly 8 seconds. The satellite is equipped with four solar puddles, a
couple of dipole wired antennas (length = 60 m), a three-axis loop antenna, a
three-axis search coil, and a three-axis fluxgate magnetometer. To avoid interfer-
ence among the satellite components, the loop antenna, search coil, and fluxgate
magnetometer are mounted atop masts of length 1.5 m, 3 m, and 5 m, respectively.
The wave sensors and coordinate systems are configured as shown in Figure 3.2.
The Z-axis is taken as the spin axis, which is always directed toward the sun. The
X- and Y-axis are aligned with the directions of the masts holding the fluxgate
magnetometer and the loop antenna, respectively. X-, Y-, and Z-axis are collec-
tively called the satellite coordinate system. Note that each axis of the search coil
magnetometer (sBX, sBY, and sBZ) coincides with the corresponding axis of the
satellite coordinate system. On the other hand, the axes of the loop antenna differ
from those of the satellite coordinate system. Therefore, when referring to the
satellite coordinate system, we must transform the outputs of the loop antenna
34
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The pair of wire antennae is positioned θWAT (approximately 35 degrees) from the
X axis of the satellite coordinate. Therefore, the electric field outputs of these
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Figure 3.1: Overview of the Akebono satellite.
Onboard the Akebono satellite are eight scientific instruments: an electric field
detector (EFD), a magnetic field detector (MGF), a very low frequency (VLF)
plasma wave instrument, plasma wave and sounder experiments (PWS), a low
energy particle detector (LEP), a thermal electron energy distribution instrument
(TED), an auroral television camera (ATV), and a radiation monitor (RDM). The
wave instruments (VLF and PWS) and RDM remain in good health, and continue
to observe plasma waves and relativistic particle fluxes up to November, 2014.
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Figure 3.2: Configuration of wave sensors and coordinate systems of the Ake-
bono satellite.
3.2 Orbit
The satellite was launched into an initial orbit at an inclination of 75.1 degrees.
The perigee and apogee of the initial orbit was 274 km and 10500 km, respectively
[Oya et al., 1990]. The orbital period of the satellite (approximately 212 minutes)
covers the coauroral region and the inner magnetosphere of the Earth.
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3.3 Wave instruments
3.3.1 Very Low Frequency (VLF) instrument
The VLF instrument measures low-frequency natural plasma waves. From its
data, we can investigate the mechanisms of wave-particle interactions in magne-
tized plasma and clarify the behavior of accelerated auroral particles. The instru-
ment comprises five sub-systems with different scientific objectives: a wide band
analyzer (WBA), multi-channel analyzers (MCA), Poynting flux analyzers (PFX),
extremely low frequency (ELF) analyzers and a vector impedance probe (VIP).
The instrument coverage extends from a few Hz to 17.8 kHz, embracing the elec-
tric and magnetic field components. A block diagram of the VLF instrument is
shown in Figure 3.3. The input from each antenna is amplified to the proper gain
by the data processing unit common (DPU COM), and transferred to each sub-
system. All the outputs from every subsystem (except the analog telemetries from
the WBA receiver) are passed through the analog-to-digital converter and trans-
formed to the PCM telemetry by a DPU. The processed outputs are transferred
to the data handling unit (DHU) and transmitted to the ground stations.
3.3.1.1 Extremely Low Frequency (ELF) receiver
The ELF receiver is a subsystem of the VLF instrument onboard Akebono. The
ELF operates in two modes: ELF-NARROW mode, which measures waveforms
below 50 Hz for one component of the electric field and three components of the
magnetic field, and ELF-WIDE mode, which measures waveforms below 100 Hz
for one component of the electric and magnetic fields [Kimura et al., 1990]. Ion cy-
clotron wave observations were reported near the geomagnetic equator by the ELF
receiver [Kasahara et al., 1992]. The sampling frequencies of ELF-NARROW and
ELF-WIDE modes are 160 Hz and 320 Hz, respectively. The observed waveforms
in ELF-NARROW (ELF-WIDE) mode are gradually suppressed by low-pass fil-
ters with cutoff frequencies of 50 (100) Hz. These filters remove the very strong
intensity waves that are sometimes observed above these thresholds.
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Figure 3.3: Block diagram of VLF instrument onboard the Akebono satellite.
3.3.1.2 Multi-Channel Analyzers (MCA)
The MCA subsystem measures the average and maximum intensities of one com-
ponent of an electric and magnetic field pair (EX or EY) and (sBY or B2) from 16
predefined channels (range 3.16–17.8 kHz). The sampling frequency depends on
the observation mode of the VLF instrument; the channels receive 2 samples per
second in Bit-H mode and 1 sample per second in bit-L mode.
3.3.1.3 Wide Band Analyzer (WBA)
The WBA subsystem measures the waveforms of one component (the electric or
magnetic field) in the frequency range below 15 kHz. The raw wave data are
recorded onto a digital audio tape (DAT) at the tracking stations. Recently, the
data stored on the magnetic audio tapes has been converted to digital WAVE
format [Oike et al , 2014]. The converted data files contain the digital waveform
data stored in every path in each file. The WAVE files are stored in two channels;
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the right and left channels contain the modulated waveforms and the time codes
(sampling frequency = 48 kHz; quantization bit length = 16 bits), respectively.
The time is synchronized with the observed waveform by decoding the time code.
3.3.1.4 Poynting Flux Analyzers (PFX)
The PFX subsystem onboard the VLF instruments determines the direction and
magnitude of the k vector and the Poynting vector of the waves [Yamamoto et al.,
1991]. This subsystem measures two electric field components (EX and EY) and
three magnetic field components (B1, B2, and B3, or sBX, sBY, and sBZ). The
output bandwidth is 50 Hz in the frequency range 0.1–12.75 kHz. The center
frequency of the PFX is either automatically incremented by the minimum step
of 50 Hz or retained at a constant frequency. The operation mode is selected
by issuing a command from the ground station. The observed wave data are
sampled at 320 Hz with a 12 bit-word and are then log-compressed to 8 bit-words
[Kasahara, 1995, Kimura et al., 1990].
3.3.2 Plasma Wave and Sounder (PWS) instrument
The PWS instrument comprises three subsystems: a natural plasma wave obser-
vation (NPW) system, the stimulated plasma wave experiment (SPW), and an
instrument for measuring the electron number density (NEI). The PWS instru-
ment detects the electric field using two pairs of dipole wire antennae and the
magnetic field by a three-axis loop antenna. In sounder operation mode, the SPW
generates artificial plasma waves using a pair of dipole wire antennae. The cover-
age of the PWS instrument embraces electric and magnetic field intensities, wave
polarizations, and Poynting fluxes from a few tens of kHz to a few MHz. The
NPW observes UHR emissions along almost all orbit paths above 1000 km. From
the measured frequency of the observed UHR emissions (ωUHR), we can estimate






where ωc denotes the electron cyclotron angular frequency, which is easily calcu-
lated from the intensity of the background geomagnetic field. The local electron
number density ne is then determined by inserting the estimated ωp into (3.4):






where e and m denote the charge and mass of an electron, respectively, and ǫ0
denotes the permittivity of free space.
3.3.3 Magnetic Field (MGF) instrument
The MGF instrument measures magnetic field variations ranging from DC fre-
quencies to 100 Hz. The MGF data clarifies the generation mechanism of the field
aligned current that connects the magnetosphere and ionosphere, and the role of
this current in auroral particle acceleration. The sampling frequency depends on
the observation mode, being 32 Hz, 8 Hz, and 2 Hz in modes Bit-H, Bit-M, and
Bit-L, respectively. When the ELF receiver detected natural plasma waves, the
ion cyclotron frequencies were computed from the magnetic field measurements
collected by the MGF instrument. Since the ELF receiver is nonfunctional in the
Bit-M and Bit-L modes of the MGF instrument, we use only the 32 Hz sampling
data observed in Bit-H mode. The ion cyclotron angular frequency (Ωi) is then





where qi and mi denote the charge and mass of ion species i, respectively. The
derivations are detailed in Appendix A.
3.4 Usage of ELF data
3.4.1 Absolute value calibration
Apart from the PFX data, the waveform data accumulated in VLF observations
are stored as one-word (8 bit) PCM data. The PFX data (with 12 bit resolution)
are compressed into 1 word (8 bit) data. The output amplitudes Vout of the PFX
and the ELF receiver are computed by substituting the stored digital value Dout
into the following equations:






−2(n−1) ≤ Dout ≤ 2(n−1) − 1, (3.7)
where the parameter n indicates the resolution (12 and 8 for PFX and ELF data,
respectively).
Note that the data output from each subsystem are amplified depending on the
observation environment and must be corrected prior to analysis. Each subsystem
was equipped with wide dynamic range amplifier (WIDA) IC stacks, and the
receiver gains were automatically altered every 0.5 seconds. A signal passing
through a WIDA IC is amplified 25 dB. The number of executing WIDA ICs is
indicated by the recorded WIDA statuses Ws. The output amplitude of the DPU
COM (VDPU) is then obtained by inserting Ws into the following equation:
VDPU = Vout − 25 ·Ws. (3.8)
To derive the absolute intensity of an observed electric and magnetic field, we
have to consider the effective length of antennas. For a pair of wire antennae that
observe an electric field below 160 (80) Hz in ELF-NARROW (ELF-WIDE) mode,




= 30 m. (3.9)
For the three axes’ search coils that observe the magnetic field, the effective length




10(log f−1.0)×0.8921−1.6999 (f < 164.4Hz)
0.243 (164.4Hz < f ≤ 800.0Hz)
10(log f−3.0)×1.0588−0.9208 (800.0Hz < f ≤ 7407.0Hz)
10 (7407.0Hz < f ≤ 10000.0Hz)
10(4.2504−log f)×0.88591−0.22185 (f > 10000.0Hz)
. (3.10)
Considering the effective length of the antenna, the impedance of the antenna, and
the gains of the preamplifier and amplifier inside DPU COM, calibrated electric
field intensity E and magnetic field intensity B are represented in the following
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equations:
VE−DPU = E · heff ·
∣∣∣∣ ZinZWAT + Zin




· leff ·GB−DPU, (3.12)
where Zin and ZWAT denote the impedance of the preamplifier and wire antennas,
respectively. GE−pre, GE−DPU, and GB−DPU denote the gains from the preamplifier,
the DPU COM for the wire antennas, and the DPU COM for the search coils,
respectively. Z0 and µ0 denote the impedance and permeability of free space,
respectively. These parameters are as follows:
Zin =
1





+ jω · Cs
, (3.14)
GE−pre = −2.1 ∼ −2.2 dB, (3.15)
GE−DPU = 20 dB, (3.16)
GB−DPU = 25 dB (for three axes search coils), (3.17)
GB−DPU = 25 dB (for loop antennas), (3.18)
Z0 = 377 Ω, (3.19)
µ0 = 4π × 10−7 H/m, (3.20)
where Rs and Cs denote the resistance and capacitance of the antenna impedance,
respectively, i.e., Rs = 500 kΩ and Cs = 250 pF. Cin denotes the capacitance of
the impedance of the preamplifier, i.e., Cs = 100 pF.
3.4.2 Removing spinning motion effect
As described in the previous section, the Akebono satellite spins with a period
of nearly 8 seconds. Since the onboard antennas also rotate by spin motion, the
observed waveforms and spectra must be corrected for the spinning motion effect.
Such an effect inhibits precise analysis when each axis of the waveform data is
independently analyzed. Here, we define the nonspinning coordinate system (X0,
Y0, Z0) as the direction of Z0 aligned with Z in the satellite coordinate system.
The spin axis is always parallel to the sunward direction, and the satellite rotates
clockwise (See Figure 3.4). We can regard the rotation axis as fixed and the
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satellite as rotating in the X–Y plane, because the spinning axis is accurate to
within 3 degrees. The spin phase of the satellite, which indicates the rotation









Figure 3.4: Relation between the satellite coordinate system (X, Y, Z) and
the nonspinning coordinate system (X0, Y0, Z0).
Assuming that the geomagnetic field remains stable throughout one period of
the satellite spin, the spin phase of the satellite can be determined from the DC
magnetic field measurements obtained by the MGF instrument. An example of
such measurements during a 30 seconds interval is shown in Figure 3.5. In Figure
3.5, the red, green, and blue lines indicate the intensities of the X, Y, and Z
components of the observed DCmagnetic field, respectively, in satellite coordinates
(before removing the spinning motion). As evident in this figure, the spin motion
alters the intensities of the X and Y components. The Z component is almost stable
because the spinning axis is almost aligned with the Z axis. Here the intensity
of the geomagnetic field observed in the satellite coordinate system is denoted
(B0X, B0Y, B0Z). We also define the spin phase φspin = 0 under the conditions
B0X = Maximum and B0Y = 0. The spin phase is then given as follows:
φspin = arg(B0X − jB0Y). (3.21)
The nonspinning coordinate system (X0, Y0, Z0) is obtained by expressing the
coordinate transformation as a function of the calculated spin phase φspin. The
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Figure 3.5: An example of DC magnetic field measurements obtained by the
MGF instrument.
Z0- and Z-axis are assumed to be perpetually aligned, and the X0 and Y0-axis are
aligned with the X- and Y-axis, respectively, when the spin phase φspin equals 0.
The coordinate transformation from the satellite coordinate system (X, Y, Z) to






















The intensities of the observed DC magnetic field in the nonspinning coordinate
system are shown in Figure 3.6. Clearly, the intensities of all components are
almost stable in this coordinate system, confirming a successful despin transfor-
mation.
3.4.3 Magnetic field coordinate transform
In ELF-NARROW mode, the ELF receiver measures three magnetic field com-
ponents. Polarization analysis of the phase information of any two components
provides important information on the observed wave’s characteristics. A polar-
ization of a natural plasma wave is defined in the plane perpendicular to the back-
ground geomagnetic field. Here we introduce the magnetic field coordinate system
(X′0, Y′0, Z′0), wherein the Z′0 axis is parallel to the background geomagnetic field
B0. After applying the nonspinning coordinate transformation, the background
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Figure 3.6: Observed DC magnetic field intensities in the nonspinning coor-
dinate system.
geomagnetic field B0 remains in the X0–Z0 plane in the nonspinning coordinate
system. To correct this effect, we define φSun as the angle between the Z0-axis and
B0, and transform the X0 and Z0 components of the waveform, centralized about
the Y0-axis.
First, we apply the nonspinning coordinate transformation (see Section 3.4.2) to
the observed DC magnetic field data. We then determine the DC magnetic field






The coordinate transformation from the nonspinning coordinate system (X0, Y0,
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Figure 3.7 plots the intensities of the observed DC magnetic field in the magnetic
field coordinate system. Clearly, the geomagnetic field intensity almost vanishes
in the X and Y directions, and only the Z component remains.
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Figure 3.7: Observed DC magnetic field intensities in the geomagnetic field
coordinate system.
3.5 Long-term observation by the ELF receiver
3.5.1 Data coverage
The spatial coverage of the ELF observations mainly depends on the satellite’s
orbit. Panels a and b of Figure 3.8 display the spatial coverages in the meridian
plane of the ELF receiver operating in ELF-NARROW mode during 1990 and
2013, respectively. The radius is the Akebono altitude relative to RE, and the
angle is the magnetic latitude in degrees. The number of bins in the radial and
angular directions is 30 and 60, respectively. The gray solid lines indicate the ge-
omagnetic field lines for L = 2, 3, 4, and 8 in the dipole model. The gray dashed
lines at 300 km and 10500 km represent the perigee and apogee of Akebono orbit,
respectively. Colors indicate the observation times of the bins. Times of no ob-
servation are indicated in black. As shown in the figure, the ELF receiver covers
a wide range of geomagnetic latitudes, from the equatorial region to extremely
high (approximately 90 degrees) geomagnetic latitude regions. Since the Akebono
satellite is a quasi-polar orbiting satellite, the observation frequency remains rel-
atively high around high-latitude regions, and relatively low within L ∼ 2. The
spatial coverage, especially the altitude coverage, is very different in 1990 and
2013. This variation is attributed to changes in Akebono’s apogee caused by the
Earth’s gravity.
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Figure 3.8: Spatial coverages of the ELF-NARROW data in the meridian
plane observed by the ELF receiver in 1990 (panel a) and in 2013 (panel b).
Figure 3.9 shows the variation in the upper altitudinal limit during 25 years of ELF
observations. In 1989, the altitudinal coverage extended to approximately 10500
km, but dropped to approximately 4500 km in 2013, half of the initial apogee of
the satellite. The Akebono apogee is expected to further decrease in the future.
Figure 3.9: Variation of the upper altitudinal limit during 25 years of ELF
observations.
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The operating time of the receiver also decreases on a yearly basis as the oper-
ating policy and various satellite conditions (such as instrument health and the
transferring capacity of the telemetry) deteriorate. Figure 3.10 plots the reduction
in the operating time of the ELF receiver during its 25 years of observation. Red
and blue points denote the operating time in ELF-NARROW and ELF-WIDE
modes, respectively. The operating time is always shorter in ELF-WIDE mode
than in ELF-NARROW mode, but has dramatically shortened in both modes
in recent years (in 2013, the reduction was approximately 260 and 220 hours in
ELF-NARROW and ELF-WIDE modes, respectively).
Figure 3.10: Reduction in operating time of the ELF receiver throughout 25
years of observation.
A complete catalogue of the spatial coverages of the ELF observations during the
25 years is provided in Appendix A.
Chapter 4
Typical EMIC Waves Observed
by the ELF Receiver
4.1 Overview of the observed EMIC waves
By virtue of its unique spatial coverage, the Akebono satellite provides impor-
tant information on the EMIC waves in the inner magnetosphere (plasmasphere).
From these data, we should be able to clarify the wave-particle interaction process
around the low-L shell region. Moreover, the measured characteristic frequencies
of plasmaspheric EMIC waves should reveal the plasmaspheric ion composition.
The ELF receiver onboard the Akebono satellite has detected ion cyclotron waves
near the magnetic equator [Kasahara et al., 1992, Matsuda et al., 2014a, Sak-
aguchi et al., 2013]. Recall the characteristic frequencies of EMIC waves (e.g.,
the crossover frequency and bi-ion hybrid frequency) that was mentioned in the
previous chapter. These frequencies often manifest in the electric and/or magnetic
field wave spectra. The important features of typical EMIC wave spectra are listed
below:
i). Restricted frequency range (below proton cyclotron frequency),
ii). Wave frequency varies with the local ion cyclotron frequency,
iii). Multiband structure,
iv). Sharp intensity decrease at bi-ion hybrid frequency,
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v). Polarization reversal at the crossover frequency,
vi). Microscale structure (e.g. rising-tone triggered emissions).
These characteristics do not necessarily present together.
Characteristic (i) is self-evident by the dispersion relation of EMIC waves. Under
the cold plasma approximation, an EMIC wave cannot propagate at frequencies
above ΩH+ , where ΩH+ denotes the local proton cyclotron frequency (see section
2.4.4).
Figure 4.1 represents electric field wave spectrum below 80 Hz observed by the
ELF receiver onboard the Akebono satellite from 03:40:00 UT to 04:00:50 UT on
May 27, 1989. Thick dashed line and thick chained line in the spectrogram indicate
ΩHe+ and ΩO+ , respectively, where Ωi denotes the local cyclotron frequency of ion
species “i”. Thin dashed lines in the figures indicate “0.5ΩH+”, that is, cyclotron
frequency of M/Q = 2 ion. Cyclotron frequencies shown in the figures were
derived from DC magnetic field measurements. The vertical black dashed line
indicates the location of the geomagnetic equator. The orbital parameters of
Akebono are shown in the bottom of each panel, where UT, LVAL, ALT, MLT,
and MLAT denote universal time, L value, altitude, magnetic local time, and
magnetic latitude, respectively. Note that the horizontal band around 32 Hz was
caused by an interference from the onboard instruments. As seen in the figure, an
EMIC wave was observed at a frequency range around 25– 65 Hz from 03:40:00
UT to 03:58:15 UT. It is clearly seen in that the wave intensity becomes large near
the geomagnetic equator (MLAT = 0, the vertical black dashend line). It suggests
that the source region of the observed EMIC wave located near the geomagnetic
equator. It is consistent with previous observations and theories [Fraser et al.,
1996, Loto’aniu et al., 2005, Young et al., 1981]. Frequency variation of the EMIC
wave seems to be related to the ion cyclotron frequency variation, and suggesting a
characteristic (ii) of EMIC. Additionally, the observed EMIC wave has sharp cut-
off at the lowest frequency component of the wave. This suggests a characteristic
(iv) of EMIC. We will focus on the such sharp intensity decrease of EMIC in
section 4.2.1.
Figure 4.1 displays the electric field wave spectrum below 80 Hz, observed by the
ELF receiver onboard the Akebono satellite from 03:40:00 UT to 04:00:50 UT on
May 27, 1989. The thick dashed line and thick chained line in the spectrogram in-
dicate ΩHe+ and ΩO+ , respectively, where Ωi denotes the local cyclotron frequency
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of ion species i. The thin dashed lines indicate 0.5ΩH+ , the cyclotron frequency
of the M/Q = 2 ion. The cyclotron frequencies were derived from DC magnetic
field measurements collected by the MGF instruments onboard Akebono. The
vertical black dashed line marks the geomagnetic equator. The orbital parameters
of Akebono are shown at the bottom of each record. The parameters UT, LVAL,
ALT, MLT, and MLAT denote universal time, L value, altitude, magnetic local
time, and magnetic latitude, respectively. The horizontal band around 32 Hz is
attributed to interference from the onboard instruments. As seen in the figure, an
EMIC wave (frequency range approximately 25–65 Hz) was observed from 03:40:00
UT to 03:58:15 UT. The wave intensity is enhanced near the geomagnetic equa-
tor (near MLAT = 0, indicated by the vertical black dashed line). This suggests
that the observed EMIC wave originates near the geomagnetic equator, consistent
with previous observations and theories [Fraser et al., 1996, Loto’aniu et al., 2005,
Young et al., 1981]. The frequency of the EMIC wave appears to vary with the
frequency of the ion cyclotron frequency, consistent with characteristic (ii) of an
EMIC wave. In addition, the observed EMIC wave is sharply cut off at its lowest
frequency component, suggesting that characteristic (iv) of EMIC also holds. The
sharp intensity decrease of EMIC waves will be elaborated in Section 4.2.1.
Figure 4.1: Electric field wave spectra of ELF emissions observed on May 27,
1989. Thin dashed line, thick dashed line, and thick chained line indicate ΩMQ2,
ΩHe+ , and ΩO+ , respectively, where Ωi denotes the local cyclotron frequency of
the ith ion species. The vertical black dashed line on the right marks the
geomagnetic equator. The orbital parameters of Akebono are shown at the
bottom of each record. The parameters UT, LVAL, ALT, MLT, and MLAT
denote universal time, L value, altitude, magnetic local time, and magnetic
latitude, respectively.
Panels a and b of Figure 4.2 display the electric and magnetic field wave spectra
below 80 Hz, respectively, collected by the ELF receiver onboard the Akebono
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satellite from 03:40:00 UT to 04:00:50 UT on May 27, 1989. The thin white
solid lines indicate ΩH+ . The other white lines and coordinates are as described
in Figure 4.1. Figure 4.2 reveals two simultaneously observed EMIC waves. A
upper and lower EMIC band appears above half the local cyclotron frequency of
the proton (0.5ΩH+), and between the local ΩMQ2 and ΩHe+ cyclotron frequencies,
respectively. The two bands are separated by a clear gap during this period,
suggesting a multibanded EMIC wave structure reminiscent of characteristic (iii).
If three ion species (H+, M/Q = 2 ion, and He+) are present, two ion mode
branches appear: an H+ band and an M/Q = 2 band. Hence, the upper and
lower bands of the EMIC wave must correspond to the H+ band and theM/Q = 2
band, respectively. The observed clear gap corresponds to the stop band between
the H+ andM/Q = 2 bands. M/Q = 2 ions and their corresponding EMIC waves
will be discussed in the following sections.
Figure 4.2: Electric and magnetic field wave spectra of ELF emissions ob-
served on May 24, 1989. Thin white solid lines indicate ΩH+ . For definitions of
the other white lines and coordinates, see those of Figure 4.1.
Panels a and b of Figure 4.3 present the electric and magnetic field wave spec-
tra below 20 Hz, respectively. These spectra were obtained by the ELF receiver
onboard the Akebono satellite from 16:55:00 UT to 17:10:00 UT on August 27,
1990. Figure 4.3c displays the ellipticity of wave polarization calculated from the
three-axis magnetic field observations in ELF-NARROWmode. Positive (red) and
negative (blue) signs in the color bar of Figure 4.3c indicate opposite polarizations,
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and the absolute value gives the ellipticity, such that +1 and −1 indicate totally
right-handed and left-handed circular polarization, respectively. Linear polariza-
tion (ellipticity ∼ 0) is indicated in green. The white lines and coordinates in the
Figure 4.3 are defined as described in Figure 4.2.
Figure 4.3: (a) Electric and (b) magnetic field wave spectra of ELF emis-
sions observed on August 27, 1990. (c) Ellipticity of wave polarization of the
observed magnetic field wave spectra of ELF emissions observed on August 27,
1990. The white lines and coordinates in the top and central panels are de-
fined in Figure 4.1. In the color bar of the bottom panel, positive (red) and
negative (blue) signs denote the polarization direction, while the absolute value
indicates the ellipticity. That is, +1 and −1 indicate pure right-handed and
left-handed circular polarization, respectively. Green (ellipticity ∼ 0) indicates
linear polarization.
As shown in Figure 4.3 (a and b), ELF emission (approximatelty 8–12 Hz) oc-
curred from 16:57:30 UT to 17:07:00 UT. As shown in the wave polarization anal-
ysis (Figure 4.3c), the polarization characteristics of the high and low frequency
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components of this emission opposed each other. Such polarization reversals fre-
quently appear in the EMIC wave spectra obtained by the Akebono satellite and
are seemingly consistent with polarization reversal at the crossover frequency.
Panels a and b of Figure 4.4 display the electric and magnetic field wave spec-
tra, respectively, below 20 Hz. These spectra were obtained by the ELF receiver
onboard the Akebono satellite from 21:02:30 UT to 21:23:20 UT on September
20, 1989. The white lines and coordinates are defined as described in Figure 4.1.
Two EMIC waves appear above ΩHe+ in two succeeding intervals (21:03:30 UT to
21:14:00 UT and 21:14:00 UT to 21:19:10 UT). Another band of EMIC waves is
visible during the same period. Four additional black dashed lines are drawn in the
latter figure, indicating characteristic rising tone spectra. These rising tone spec-
tra appear to be EMIC-triggered emissions (e.g., Nakamura et al. [2014], Omura
et al. [2010], Pickett et al. [2010], Sakaguchi et al. [2013], Shoji et al. [2011, 2014]),
suggesting characteristic (vi) of an EMIC wave.
Figure 4.4: Electric and magnetic field wave spectra of ELF emissions ob-
served on September 20, 1989. For definitions of the white lines and coordinates,
see Figure 4.1.
Kato et al. [unpublished paper] suggested that a magnetosonic wave may be
converted to an EMIC wave. To demonstrate this possibility, Figure 4.5 dis-
plays the electric and magnetic field wave spectra below 160 Hz, observed by the
ELF receiver onboard the Akebono satellite from 02:29:00 UT to 02:49:00 UT on
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September 30, 1991. The white lines and coordinates are defined as in Figure
4.2. A broadband ELF wave is clearly visible between 48 and 120 Hz. Along the
trajectory, the frequency is clearly cut off just above ΩMQ2. From 02:30:00 UT to
02:38:00 UT, another emission band simultaneously appears between 30 and 50
Hz, suggesting a multiband EMIC structure (characteristic (iii)). The emission
cutoff observed above ΩMQ2 depends on the variation in the cyclotron frequency
along the trajectory. Such characteristics clearly suggest the EMIC nature of these
emissions (characteristic (iv) of EMIC waves); however, some characteristics of
magnetosonic waves are also observed. In general, the cold plasma approximation
prevents EMIC mode waves from propagating above the H+ cyclotron frequency.
However, the emissions in Figure 4.5 contain a frequency component above the
H+ cyclotron frequency (thin solid line), suggesting that the emission is converted
into an EMIC mode wave from a magnetosonic (whistler mode) wave. In gen-
eral, the generation and propagation characteristics of EMIC and magnetosonic
waves are very different. For example, because of the drift path of energetic ions,
EMIC waves tend to occur in dusk-side regions (see section 2.1 and 2.4.2). On
the other hand, according to the Polar satellite observations, magnetosonic waves
display no local time dependence [Tsurutani et al., 2014]. Therefore, if an EMIC
wave has been converted from a magnetosonic wave, its spatial distribution should
differ from that of typical EMIC waves, which are governed by cyclotron insta-
bility. The mode conversion process and physics of plasmaspheric EMIC waves
need to be clarified in detailed analyses. The spatial distribution differences will
be elaborated in the following section.
4.2 EMIC waves suggesting minor ion existence
4.2.1 EMIC waves just above 0.5ΩH+ during April 15 to 25,
1989
Event
Figures 4.6(a), 4.6(b), 4.6(c), and 4.6(d) show electric field wave spectra below 60
Hz measured by the ELF receiver from 06:11:10 to 06:18:50 UT on April 15, from
07:40:36 to 07:58:50 UT on April 18, from 04:10:30 to 04:18:50 UT on April 24,
and from 22:13:20 to 22:25:50 UT on April 25, 1989, respectively. Thick dashed
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Figure 4.5: (a) Electric and (b) magnetic field wave spectra of ELF emis-
sions observed on September 30, 1991. For definitions of the white lines and
coordinates, see Figure 4.2.
lines in the spectrograms indicate ΩHe+ , where Ωi denotes the local cyclotron
frequency of ion species “i”. Thin dashed lines in the figures indicate “0.5ΩH+”.
Cyclotron frequencies shown in the figures were derived from DC magnetic field
measurements by the magnetic field (MGF) instruments [Fukunishi et al., 1990]
onboard Akebono. The orbital parameters of Akebono are shown in the bottom
of each panel, where UT, LVAL, ALT, MLT, and MLAT denote universal time, L
value, altitude, magnetic local time, and magnetic latitude, respectively.
These four events were observed along nearly the same trajectories; that is, Ake-
bono was orbiting from the Southern to the Northern hemisphere across the ge-
omagnetic equator at 15:00–16:00 MLT at an altitude region around 3,700–6,400
km. As shown in the figure, a band of emission was commonly observed around
30–60 Hz in each panel, and the emission exhibited a sudden decrease in intensity
at 0.5ΩH+ along the trajectory of Akebono across the magnetic equator within ±15
degrees of magnetic latitude. Note that the attenuation at the upper frequency
of the waves around 50 Hz was caused by the low-pass filter of the ELF receiver
settled at 50 Hz.
Figure 4.7 shows an electric field wave spectrum at 04:12:14 UT on April 24, 1989.
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Figure 4.6: Electric field wave spectrograms of ELF emissions observed from
April 15 to April 25, 1989.
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It clearly shows that a characteristic lower cutoff existed just above 0.5ΩH+(dashed
line) and that the power spectrum was suddenly attenuated by about 75 dB within
a bandwidth of less than 2 Hz.
Figure 4.7: Electric field wave spectrum at 04:12:14 UT on April 24, 1989.
Figure 4.8 shows the magnetic field wave spectra that correspond to the electric
spectrum (as shown in Figure 4.6(b)) observed from 07:40:36 to 07:58:50 UT on
April 18. In Figure 4.8, the frequency in the vertical axes is normalized by the local
proton cyclotron frequency. Z ′0 is the component parallel to the geomagnetic field.
X ′0 is the component perpendicular to the geomagnetic field in the geomagnetic
meridian plane. Y ′0 is the component perpendicular to the geomagnetic field and
the geomagnetic meridian plane. Thick dashed lines in the figures indicate ΩHe+ .
Thin dashed lines in the figures indicate half of ΩH+ .
It is distinctive that these emissions had magnetic field components, with the Z ′0
component being the most dominant followed by Y ′0 . The peak intensities of X
′
0,
Y ′0 , and Z
′
0 components are 11.9, 23.3, and 26.5 dBpT/
√
Hz, respectively. This
fact suggests that the plane of polarization is closer to the Y ′0–Z
′
0 plane. In other
words, the wave normal direction was in the geomagnetic meridian plane with
a relatively large wave normal angle with respect to the geomagnetic field line.
Actually, direction-finding analysis by Means’ method [Means , 1972] showed that
the observed ELF wave had a wave normal vector at approximately 80 degrees
with respect to the geomagnetic field line when Akebono crossed the geomagnetic
equator at 07:50:20 UT on April 18, 1989. Figure 4.9 represents hodogram of the
observed EMIC wave at 50 Hz in the vertical plane respects to the geomagnetic
field line from 04:10:49.000 UT to 04:10:49.180 UT on April 24, 1989. It is hard
to distinguish polarization properties from the figure, however, we can obtain
them by coordinate transformation. We calculated coordinate transform using
estimated k-vector angle θ, and obtain vertical plane respects to the wave k-vector
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Figure 4.8: Magnetic field wave spectrograms of ELF emissions observed on
April 18, 1989.
(X’–Y’ plane.) Figure 4.10 represents hodogram in the vertical plane respects to
the estimated wave k-vector on the same period (θ = 80 degrees). We can obtain
clear polarization properties from transformed hodogram.
We also conducted polarization analyses and found that a polarization reversal
appeared at the crossover frequency. Figure 4.11 shows the magnetic field wave
spectrum (upper panel) and polarization (lower panel) at 07:42:58 UT on April
18, 1989. The frequency in the horizontal axis is normalized by the local proton
cyclotron frequency. In the lower panel, positive and negative signs on the verti-
cal scale values correspond to the polarization direction, and the absolute value
corresponds to the ellipticity; that is, “+1” and “−1” indicate right-handed and
left-handed circular polarization, respectively. In the analysis, ellipticity is de-
fined in a vertical plane against the wave normal angle. According to this figure,
a polarization reversal occurred at approximately 0.62ΩH+ , and this ELF wave
had left-handed polarization in the higher-frequency part, while the polarization
gradually changed to linear and finally to right-handed in the lower-frequency part
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Figure 4.9: Hodogram of the
observed EMIC wave at 50 Hz
in the vertical plane respects to
the geomagnetic field line from
04:10:49.000 UT to 04:10:49.180 UT
on April 24, 1989.
Figure 4.10: Hodogram of the
observed EMIC wave at 50 Hz
in the vertical plane respects to
the estimated wave k-vector from
04:10:49.000 UT to 04:10:49.180 UT
on April 24, 1989 (θ = 80 degrees).
of the wave. It is also noted that another band of ELF waves was simultaneously
observed below 0.5ΩH+ from 06:10:30 to 06:18:50 on April 15 (Figure 4.6a) and
from 22:13:20 to 22:21:40 on April 25, 1989 (Figure 4.6d). These features show
good agreement with the linear theory of EMIC waves, and we identified these
waves as one of the EMIC waves observed in the inner magnetosphere.
Environment of the inner magnetosphere during the events
The environment of the inner magnetosphere during the events was examined. The
upper panel of Figure 4.12 shows the in-situ electron densities of the observation
point when Akebono traversed the region of L = 1.9–2.1. These electron densities
were derived from Upper-Hybrid Resonance (UHR) frequencies observed by the
PWS instruments [Oya et al., 1990] onboard Akebono. It is found that electron
densities near the geomagnetic equator changed from approximately 2,800/cc up
to 9,500/cc, which is 3.4 times the minimum value during this period. This is
presumably because of the stormy conditions as described in the next paragraph.
The lower panel of Figure 4.12 shows the Dst index from April 13 to April 27, 1989.
A magnetic storm occurred on April 14, and the Dst index suddenly decreased to
−100 nT. The Dst index gradually recovered; however, there were occasional small
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Figure 4.11: Magnetic field wave spectrum (upper panel) and polarization
(lower panel) of ELF emissions observed at 07:42:58 UT on April 18, 1989.
Dst decreases followed by increases during the storm recovery phase. On April 25,
another magnetic storm occurred, and the Dst index suddenly decreased again
down to −130 nT. Filled diamonds in the figure show the times when the EMIC
waves were observed, with their characteristic lower cutoff at 0.5ΩH+ . On the other
hand, open circles show the times when EMIC waves were not observed during
the ELF wave measurement by Akebono across the geomagnetic equator in the
same magnetic local time and altitude region. Comparing the variation in the Dst
index with these symbols in the panel, the EMIC waves were observed within 12
h after sudden decreases in the Dst index of greater than −40 nT, while the waves
were not observed during recovery phase.
It has been generally reported that proton injection into the magnetosphere occurs
during magnetic storms, in particular in the initial and main phases (e.g., Søraas
et al. [2004] and Miyoshi et al. [2005]). On the other hand, Jordanova [2011]
performed a computer simulation using a kinetic ring current-atmosphere interac-
tions model and demonstrated that the generation of EMIC waves is correlated to
injections of plasma particles. The simulation results indicate that wave growth is
maximized during the storm main phase and extends to the storm recovery phase
as ring current ions are injected. As shown in the lower panel of Figure 5, sudden
decreases in the Dst index caused by injections of ring current plasma were clearly
correlated to EMIC wave occurrence. Our observations are consistent with the
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Figure 4.12: (upper panel) Electron density measured by PWS along the
trajectories of Akebono in the region of L =1.9–2.1 from April 13 to April 27,
1989. (lower panel) Dst index from April 13 to April 27, 1989.
simulation carried out by Jordanova [2011], indicating that the energy source of
EMIC waves observed during April 15–25, 1989 is provided by the injections of
fresh energetic particles.
Discussion
As described in the Introduction, the characteristic frequency of EMIC waves with
multiple ion constituents strongly depends on the local ion concentrations.
As mentioned in the previous section, the observed EMIC waves had large wave
normal angles with respect to the geomagnetic field lines. Considering the studies
of propagation characteristics by Rauch et al. [1982] and Kasahara et al. [1992],
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Figure 4.13: Dispersion curve of an electromagnetic ion cyclotron mode wave.
The relative ion constituents are H+:80.0% and He+:20.0%. We also superposed
a dispersion curve represented by a chain line, which corresponds to the perpen-
dicular branch of an EMIC wave with constituents H+:90.0% and He+:10.0%.
the observed EMIC waves propagated along the geomagnetic field lines with large
wave number and were trapped within a limited geomagnetic latitude range with
multiple bounces at the bi-ion resonance condition. As shown in Figure 4.13,
there is a gap between ΩHe+ (ω/ΩH+ = 0.25) and ωbi1, where ωbii denotes the
ith bi-ion hybrid frequency and subscript 1 represents the bi-ion hybrid frequency
above He+ cyclotron frequency. When the waves have sufficiently large wave num-
bers and large wave normal angles, the waves cannot propagate at frequencies
lower than the bi-ion hybrid frequencies. That is, along with the theories pro-
posed by Rauch et al. [1982] and Kasahara et al. [1992], we can explain that the
observed EMIC waves changed their dispersion relation along their propagation
paths shown as red dashed line in Figure 4.13 and the characteristic lower cutoff
in the observed spectrum essentially corresponds to the bi-ion hybrid frequency of
the perpendicular branch.
If there exists two types of ions (80.0% of H+ and 20.0% of He+ as shown in
Figure 4.13), the bi-ion hybrid frequency (ωbi1) and the crossover frequency (ωcr)
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appeared at 0.34ΩH+ and 0.50ΩH+ . On the contrary, the observed emissions had
a crossover frequency far above 0.5ΩH+ (as shown in Figure 4.11). They also had
a lower cutoff just above 0.5ΩH+ along the trajectories of Akebono. It is necessary
to assume an unrealistically high fraction of He+ such as 40–60% to satisfy the
observation results if we only consider two types of major ions.
As shown in the previous section, it is important to note that the generation of the
observed EMIC waves during April 15–25, 1989 correlated to injections of fresh
energetic particles. The electron density significantly fluctuated during the events,
suggesting that ion constituents must also have fluctuated with the injections. It
should also be stressed that these EMIC waves commonly have a characteristic
frequency that causes a sudden decrease in intensity at approximately equal to
0.5ΩH+ along the trajectories of Akebono. However, ωbi1 shown in Figure 4.13
drastically changed depending on the He+ concentration. This fact demonstrates
that it is impossible for ωbi1 to coincide with 0.5ΩH+ along the trajectories among
these four events.
On the other hand, Isenberg [1984] demonstrated that if there exists a small
amount of a minor ion that has a cyclotron frequency at 0.5ΩH+ , such as alpha
particles or deuterons, we can clearly explain the lower cutoff of the EMIC wave
just above 0.5ΩH+ . When we assume three types of ions H
+, He+, and He++ in the
plasma, the dispersion relation of the EMIC wave is shown in the left panel of Fig-
ure 4.14. The relative ion constituents are H+:78.0%, He+:20.0%, and He++:2.0%.
We also superposed a dispersion curve, represented by a chain line, which corre-
sponds to the perpendicular branch of an EMIC wave with constituents H+:88.0%,
He+:10.0%, and He++:2.0%.
As shown in the figure, a new stop band near ΩHe++ = 0.5ΩH+ appears. The
dispersion of the H+ branch shown in Figure 4.13 is separated into two branches:
a H+ branch and a He++ branch. The upper cutoff of the He++ branch approaches
ΩHe++. On the other hand, the lower cutoff of the H
+ branch becomes slightly
higher than ΩHe++ .
As seen in Figure 4.14, ωbi1 is basically unrelated to the He
+ concentration. In
fact, we confirmed that the variation in ωbi1 is within 0.01ΩH+ , even though the
He++ concentration varies by several percent. In such conditions, another band
of EMIC waves observed on April 15 and April 25 below 0.5ΩH+ can also be
explained by the fact that they are EMIC waves of the He++ or D+ branch caused
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Figure 4.14: (left) Dispersion curve of an electromagnetic ion cyclotron mode
wave. The relative ion constituents are H+:78.0%, He+:20.0%, and He++:2.0%.
We also superposed a dispersion curve represented by a chain line, which
corresponds to the perpendicular branch of an EMIC wave with constituents
H+:88.0%, He+:10.0%, and He++:2.0%. (right) Electric field wave spectrograms
of ELF emissions observed on April 18, 1989.
by the existence of such minor ions. As shown in the left panel of Figure 4.14, the
emission around 0.5ΩH+–0.7ΩH+ and the lower band emission around 0.38ΩH+–
0.5ΩH+ observed on April 18 corresponded to the H
+ and He++ branches of the
EMIC waves, respectively.
In the previous discussion, we only consider H+, He+, and minor ions (He++ or
D+). But it is well known that cold O+ ions usually exist in the plasmasphere, and
the dispersion relation of EMIC waves is also affected by the O+ ratio. However,
an important point is that the bi-ion hybrid frequency of the H+ band still exists at
just above half of the proton cyclotron frequency in spite of the existence of O+. If
there exists some amount of O+, the He+ band of the EMIC wave (bottom of Figure
6) is separated into two branches, and a new crossover frequency and bi-ion hybrid
frequency appears in the He+ band. The crossover and bi-ion hybrid frequencies of
the other ion branches are also affected by the amount of O+, as seen in equations
(2.33) and (2.35). However, the impact on the bi-ion hybrid frequency of the H+
band of EMIC waves is negligible with a realistic percentage of O+. Actually, if
we consider 5% O+, the dispersion relation shown in Figure 7 slightly changed;
however, the bi-ion hybrid frequency of the H+ branch became only 0.0013ΩH+
higher compared with the case shown in Figure 7. Hence, we do not consider the
effects of cold O+ in this study. However, it is important to consider the effects of
cold O+ to estimate ion concentrations in plasma by measuring the characteristic
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frequency of EMIC completely. Furthermore, Gomberoff et al. [1983] demonstrated
that the concentration of cold O+ affects wave growth of all bands of EMIC waves.
Some amount of hot species is also thought to be affect in wave generation and/or
propagation mechanisms [Kozyra et al., 1984]. We will consider these topics for
future work.
4.2.2 Dual band EMIC waves observed on September 7,
1991
The top and the bottom panels of Figure 4.15 show the electric and magnetic
field wave spectra below 80 Hz observed by the ELF receiver on September 7,
1991, respectively. Thin solid lines, thick dashed lines, and chained lines in the
spectrograms indicate ΩH+ , ΩHe+ , and ΩO+ , respectively, where Ωi denotes the
local cyclotron frequency for ion species “i”. Thin dashed lines in the figures
indicate “0.5ΩH+”. The other definitions used in the figure are the same as those of
Figure 4.6. As seen in the figure, two EMIC waves were simultaneously observed in
this period. The upper band of the EMIC wave observed between ΩH+ and 0.5ΩH+
seem to be a H+ band EMIC wave. This emission has a clear lower cutoff just
above 0.5ΩH+ . Conversely, the lower band of the EMIC wave observed between
0.5ΩH+ and 0.38ΩH+ seems to be an M/Q = 2 ion band EMIC wave. There is a
gap between 0.38ΩH+ and ΩHe+ .
We can estimate the ion composition by measuring these two characteristic cutoff
frequencies. First, we assume the existence of three species of ion (H+, M/Q = 2
ion, and He+) in plasma. Note that the existence of a certain amount of M/Q =
2 ions is necessary to explain the observed clear gap around ΩMQ2. Moreover,
He+ is one of the popular species in the plasmasphere [Lemaire et al., 1998].
By substituting two characteristic cutoff frequencies (ωbi1 and ωbi2) into following
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Figure 4.15: Electric and magnetic field wave spectra below 80 Hz observed
by the ELF receiver on September 7, 1991.
where Ai, Ωi, and mi denote the concentration, cyclotron frequency, and the mass
of ion species “i”, respectively.
Black lines in Figure 4.16 show the estimated ion composition obtained by mea-
suring the lower cutoff frequency of the EMIC waves observed from 03:32:00 UT
to 03:47:30 UT on September 7, 1991. Our analysis suggests that we can explain
the observed EMIC waves when there exists 22–32% of He+ and approximately
4% ofM/Q = 2 ions in the plasma. Note that we completely ignored the existence
of other species of ion (e.g., O+) in this estimation.
If we consider four species of ion (e.g., H+, M/Q = 2 ion, He+, and O+), we have
to expand the equations as follows and substitute three characteristic frequencies
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However, it is hard to determine all of the characteristic frequencies by satel-
lite observation because of wave damping and/or frequency coverage limitation
of satellite instruments. Therefore, in this study, we fixed one ion concentration
to determine the concentrations of the other ions. We can estimate the concen-
trations of three species of ions by reducing one unknown parameter. Here, we
assume the existence of 10% O+. Then, we can estimate the ion composition of
the He+ and M/Q = 2 ions as orange lines in Figure 4.16. This suggests that we
can explain the observed EMIC waves when there exists 19–28% He+, 10% O+,
and approximately 4% M/Q = 2 ions in the plasma.
Figure 4.16: Estimated ion composition by measuring lower-cutoff frequency
of EMIC waves observed from 03:32:00 UT to 03:47:30 UT on September 7,
1991.
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Now we discuss impact of the fixed amount of O+. Figure 4.17 represents the
relation between the observed bi-ion hybrid frequency ωbi1 and the estimated ion
concentration AMQ2 under the three different assumptions for the O
+ concentra-
tion. The red, green, and blue lines correspond to the relation when we fix the
O+ concentration at 0.025, 0.050, and 0.075, respectively. The frequency of the
vertical axes is normalized by the local proton cyclotron frequency. For example,
when we measured the bi-ion hybrid frequency at 0.518, we were able to estimate
an M/Q = 2 ion concentration of 7.1% under the assumption that 2.5% of O+
exist (see red line.) If the assumed O+ concentration becomes high, the estimated
M/Q = 2 ion concentration becomes low. Variation of the assumed O+ concentra-
tion has a similar impact on the relation between another bi-ion hybrid frequency
ωbi2 and the He
+ concentration AHe+ (Figure 4.18). This fact suggests that the es-
timated ion concentration under the O+-absent plasma (black lines in figure 4.16)
indicates an upper limit for realistic ion composition in plasma.
Figure 4.17: Relation between
the observed bi-ion hybrid fre-
quency ωbi1 and the estimated
ion concentration AMQ2 under the
three different assumptions of O+
concentration.
Figure 4.18: Relation between
the observed bi-ion hybrid fre-
quency ωbi2 and the estimated ion
concentration AHe+ under the three
different assumptions of O+ concen-
tration.
4.2.3 Triple band EMIC waves observed on April 25, 1989
Figure 4.19 represents the electric field wave spectrum below 60 Hz observed by the
ELF receiver from 22:09:10 UT to 22:25:50 UT on April 25, 1989. The definitions
of the white lines and the coordinates of the figures are the same as those of
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Figure 4.15. As seen in the spectrum represented in Figure 4.19, three bands of
ion cyclotron waves were simultaneously observed between ΩMQ2 and ΩH+ . We
labeled these EMIC waves as shown in the figure. “EMIC 1” was observed from
22:12:00 UT to 22:20:30 UT at a frequency range from approximately 30 Hz (just
above ΩMQ2) to 60 Hz. The characteristic lower cutoff appeared during the same
period as for the phenomena discussed in section 4.2.1. Note that the attenuation
of the waves around 50 Hz was caused by the low-pass filter of the ELF receiver
set to 50 Hz. “EMIC 2” and “EMIC 3” were observed from 22:12:00 UT to
22:23:00 UT at a frequency range from approximately 25 Hz to 50 Hz and from
22:12:00 UT to 22:17:30 UT at a frequency range from approximately 20 Hz to 30
Hz, respectively. Comparing the wave spectrum and dispersion relation of EMIC,
“EMIC 1” corresponds to the H+ band EMIC wave, and “EMIC 2” and “EMIC
3” correspond to the EMIC waves of the other bands between the H+ band and
He+ band. The presence of oxygen isotope is one of the possibilities. For example,
a certain amount of O6+ (M = 16, Q = 6) is present in the solar wind [Zurbuchen
et al., 2002]. A new EMIC branch appears just below 6/16ΩH+ due to the existence
of a certain amount of O6+. When we assume the existence of H+, M/Q = 2 ion,
O6+, and He+, we can explain the observed EMIC waves, i.e., “EMIC 1”, “EMIC
2”, and “EMIC 3” can be explained as the H+ band EMIC wave, the O6+ band
EMIC wave, and the M/Q = 2 ion band EMIC wave, respectively.
Figure 4.19: Electric field wave spectrum below 60 Hz observed by the ELF
receiver from 22:09:10 UT to 22:25:50 UT on April 25, 1989.
Figure 4.20 shows an electric field wave spectrum at 22:16:24 UT on April 25,
1989. It clearly shows that three characteristic lower cutoffs existed and that the
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Table 4.1: Characteristic cutoff frequencies of EMIC waves observed on
04:12:14 UT on April 25, 1989.
ωcfhigh ωcflow
EMIC 1 41.83 Hz 40.41 Hz
EMIC 2 32.39 Hz 31.75 Hz
EMIC 3 27.59 Hz 26.71 Hz
power spectrum was suddenly attenuated by about 20–35 dB within a bandwidth
of less than 2 Hz.
Figure 4.20: Electric field wave spectrum at 04:12:14 UT on April 24, 1989.
The observed characteristic cutoff frequencies of each of the EMIC waves are rep-
resented in Table 4.1, where ωcfhigh and ωcf low denote the highest and the lowest
frequencies of the characteristic cutoff, respectively.
Here, we assume existence of four species of ion (H+, M/Q = 2 ion, He+, O6+)
to explain the phenomena. We assume the existence of O6+ because a certain
amount of O6+ is present in the solar wind. Note that the M/Q ratio of O6+ is
16/6. However, other possibilities still remain. For example, we can explain the
propagation of “EMIC 3” as labeled in Figure 4.19 when we consider other ion
species that have an M/Q ratio between 2 and 4. As shown in the dispersion
relation in Figure 4.21, if there exists four species of ion (H+, M/Q = 2 ion,
He+, O6+), three EMIC branches appear above ΩHe+ . In this figure, we assume
the relative ion constituents of H+, M/Q = 2 ion, He+, and O6+ to be 72.8%,
4.0%, 21.0%, and 2.2%, respectively. Then the three branches of the EMIC wave
appear between H+ and He+. We can explain the observed EMIC waves with the
existence of these four ion species. We can also estimate the ion composition of
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four species of ions (AH+ , AMQ2, AHe+ , and AO6+) by substituting the observed
































































Figure 4.21: Dispersion curves of electromagnetic ion cyclotron mode waves.
The relative ion constituents are H+:72.8%, M/Q = 2 ion:4.0%, He+:21.0%,
and O6+:2.2%.
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Table 4.2: Ion composition estimated from characteristic cutoff frequencies of
the EMIC wave observed on 04:12:14 UT on April 25, 1989.
ion composition ion composition
(estimate from ωcfhigh) (estimate from ωcflow)
(H+) 70.895 % 78.380 %
He+ 26.4 % 21.0 %
He++ 2.45 % 0.400 %
O6+ 0.255% 0.220 %
Table 4.2 represents the ion compositions estimated from three observed bi-ion
hybrid frequencies of EMIC waves at 04:12:14 UT on April 25, 1989. The es-
timated ion composition depends on the bi-ion hybrid frequencies of the EMIC
waves. When we determine the bi-ion hybrid frequency of each ion band at the
higher frequency (ωcfhigh) of ambiguous frequency range, the estimated ion compo-
sition denotes the greatest value that accounts for the ambiguity of bi-ion hybrid
frequency determination. In this case, the ion composition of M/Q = 2 ions and
O6+ are estimated to be less than 2.45% and 0.255%, respectively.
4.3 Statistical study of EMIC waves
4.3.1 Data set
We statistically studied major ion band EMIC waves observed by the ELF receiver.
We used the data from waveform observations by the ELF receiver from March
1989 to December 1991. We performed short time Fourier transform (STFT)
analysis with window size 2048 (25% overlap) using the “ELF-NARROW” data.
Figures 4.22 and 4.23 represent spatial coverages of the data in the meridian plane
and the equatorial plane observed by the ELF receiver, respectively. In Figure
4.22, the radius represents the altitude of Akebono in units of Earth radii (RE),
and the angle represents the magnetic latitude in degrees. The number of bins
is 30 in radius and 60 in angle. Gray solid lines indicate geomagnetic field lines
for L = 2, 3, 4, and 8 in the dipole model. Gray dashed lines at 300 km and at
10,500 km represent the perigee and apogee of the Akebono orbit, respectively. The
observation times for each bin are indicated by the colors. Note that no observation
area is shown in white. As shown in Figure 4.22, the data set covers the whole
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magnetic latitude region. Note that there is a deviation in spatial coverage at
high altitude regions around 2.5–3RE. In Figure 4.23, the radius represents the
altitude of Akebono in units of Earth radii (RE) on the equatorial plane, and the
angle represents the magnetic local time. The number of bins is 60 in radius and
60 in angle. As shown in Figure 4.23, the data set covers whole local time region
except the midnight sector around 2–3RE.
Figure 4.22: Spatial cover-
age of data set in the meridian
plane. Figure 4.23: Spatial coverage of data
set in the equatorial plane.
4.3.2 Spatial distribution of the observed EMIC waves
We found that 379 events of typical EMIC waves were observed by the receiver
during the period chosen. Figures 4.24 and 4.25 represent spatial distributions of
the observed EMIC waves in the meridian plane and the equatorial plane observed
by the ELF receiver, respectively. The data set we used is represented in Figures
4.22 and 4.23. The coordinates are almost the same as those in Figures 4.22 and
4.23. The colors represent percentages of the occurrence rates of the EMIC waves
at each bin. As seen in Figure 4.24, the EMIC waves were frequently observed
around equatorial region, and the occurrence frequency distribution is symmetric
with respect to the geomagnetic equator. This is consistent with previous obser-
vational studies (e.g., THEMIS observation reported by Min et al. [2012]), and
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suggests that the EMIC source region is located near the geomagnetic equator.
It is reported that magnetospheric EMIC waves were frequently observed around
the dusk-side magnetosphere [Fraser and Nguyen, 2001, Fraser et al., 2012, Min
et al., 2012]. However, as shown in Figure 4.25, the EMIC waves observed by
the Akebono satellite have no local time dependence. As shown in the previous
section, almost all observed EMIC waves tend to be converted from magnetosonic
waves, and in general, magnetosonic waves have no local time dependence [Tsu-
rutani et al., 2014]. This is why there is no local time dependence of the EMIC
waves observed by the Akebono satellite.
Figure 4.24: Spatial distribu-
tion of EMIC waves observed by
the ELF receiver in the meridian
plane.
Figure 4.25: Spatial distribution of
EMIC waves observed by ELF receiver
in the equatorial plane.
As described in the previous section, EMIC waves that seem to be excited by
mode conversion from magnetosonic waves were observed by the ELF receiver.
Therefore, we have to focus on the differences in spatial distribution due to dif-
ferences between wave excitation processes, specifically cyclotron resonance and
mode conversion from a magnetosonic wave. For the following discussion, we fo-
cus on the observed H+ and M/Q = 2 ion band EMIC waves (wave frequency ω
satisfies ω > ΩHe+). Those excited by cyclotron resonance and those excited by
mode conversion are hereafter called “pure EMIC waves” and “converted EMIC
waves”, respectively. Figures 4.26 and 4.27 represent the spatial distributions of
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the observed H+ and M/Q = 2 ion band EMIC waves in the meridian plane and
the equatorial plane observed by the ELF receiver, respectively. The data set we
used is represented in Figures 4.22 and 4.23. We do not distinguish between the
origins of the observed EMIC waves: cyclotron resonances or mode-conversions
from magnetosonic waves. The coordinates are almost the same as those of Figure
4.24 and 4.25. It is hard to observe the H+ band EMIC waves inside the gray
dashed line plotted near the “2RE” line because the receiver cannot observe the
frequency components above the H+ cyclotron frequency inside this line. As seen
in the figure, almost all of the H+ and M/Q = 2 ion band EMIC waves were
observed inside L ∼ 3. In particular, there is a hot spot of occurrence frequency
of H+ and M/Q = 2 ion band EMIC waves inside L ∼ 2. EMIC waves are still
observed just above apogee of the satellite (gray chained line between 2RE and
2RE in Figure 4.26). The total observation time of the H
+ andM/Q = 2 ion band
EMIC waves is 4823 minutes.
Figure 4.26: Spatial distribu-
tion of H+ and M/Q = 2 ion
band EMIC waves observed by
the ELF receiver in the meridian
plane (NOT distinguish their
origin).
Figure 4.27: Spatial distribution of
H+ and M/Q = 2 ion band EMIC
waves observed by the ELF receiver in
the equatorial plane (NOT distinguish
their origin).
Figures 4.28 and 4.29 represent the spatial distributions in the meridian plane
and the equatorial plane of the observed H+ and M/Q = 2 ions bands “pure”
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EMIC waves by the ELF receiver, respectively. Conversely, Figures 4.30 and 4.31
represent spatial distributions in the meridian plane and the equatorial plane of
the observed H+ and M/Q = 2 ions bands “converted” EMIC waves observed by
the ELF receiver, respectively. The data set that we used is represented in Figures
4.22 and 4.23. The coordinates are almost the same as those of Figures 4.24 and
4.25. Comparing figures 4.29 and 4.31, the diurnal dependences are very different.
Figure 4.29 indicates that pure EMIC waves tend to be observed during 14–23
MLT. This is believed to be due to the characteristics of ring current ion drift
[Singer , 1957]. It is almost consistent with classical studies of EMIC waves [Min
et al., 2012, and references therein]. However, Figure 4.31 indicates that converted
EMIC waves tend to be observed during the local day-side region (around 06–18
MLT). It seems that the diurnal dependence of converted EMIC waves depends
strongly on those of the magnetosonic wave and the mode conversion process. At
present, it is difficult to separate these causes. This topic needs more investigation
and is still open to discussion.
Figure 4.28: Spatial distri-
bution of H+ and M/Q = 2
ion band pure EMIC waves ob-
served by the ELF receiver in
the meridian plane.
Figure 4.29: Spatial distribution of
H+ andM/Q = 2 ion band pure EMIC
waves observed by the ELF receiver in
the equatorial plane.
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Figure 4.30: Spatial distribu-
tion of H+ and M/Q = 2 ion
band converted EMIC waves ob-
served by the ELF receiver in
the meridian plane.
Figure 4.31: Spatial distribution of
H+ and M/Q = 2 ion band converted
EMIC waves observed by the ELF re-
ceiver in the equatorial plane.
4.3.3 Statistical study of EMIC waves related to minor ion
composition
In this section, we statistically study the H+ band EMIC waves, which have char-
acteristic cutoff frequencies just above 0.5ΩH+ , such as the emissions presented in
Figure 4.6. It is strongly suggested that there exists M/Q = 2 ions in the region
where such characteristic EMIC waves are observed. Figures 4.32 and 4.33 repre-
sent spatial distributions of the observed EMIC waves, which have characteristic
cutoff frequencies just above ωH+ in the meridian plane and in the equatorial plane,
observed by the ELF receiver. The coordinates are almost the same as those of
Figures 4.26 and 4.27. The total observation time of such a characteristic EMIC
wave is 965 minutes. It is approximately 20% of the observed H+ and M/Q = 2
ion band EMIC waves during the period (Figures Figures 4.26 and 4.27). Com-
pared with Figure 4.26, EMIC waves suggesting low ion numbers are observed in
relatively low-altitude regions. As shown in Figure 4.27, such characteristic EMIC
waves were only observed in the local day-side region (06–18 MLT). However, it
is found from visual inspection that almost all such EMIC waves are converted
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from magnetosonic waves. Therefore, their diurnal dependence seems to strongly
depend on that of the converted EMIC waves (as was shown in Figure 4.31, the
converted EMIC waves tend to be observed in the local day-side region).
Figure 4.32: Spatial distribu-
tion of EMIC waves which have
characteristic cutoff just above
0.5ΩH+ observed by the ELF re-
ceiver in the meridian plane.
Figure 4.33: Spatial distribution of
EMIC waves which have characteris-
tic cutoff just above 0.5ΩH+ observed
by the ELF receiver in the equatorial
plane.
Figure 4.34 presents a histogram ofM/Q = 2 ions composition estimated from two
characteristic cutoff frequencies of observed EMIC waves. We used frequency-time
spectra of observed EMIC waves over 137 minutes, which had two characteristic
cutoff frequencies simultaneously. The horizontal axis represents the estimated
M/Q = 2 ions composition. The step size of the horizontal axis is 0.001. The
vertical axis represents the frequency of each step. As seen in the figure, the
maximum value and minimum value of the estimated M/Q = 2 ions composition
is 4.6% and 0.3%. As was suggested by Isenberg [1984], there may not exist a
frequency gap near the cyclotron frequency if the concentration of ions is very
small. However, our results suggest that less than 1% of the M/Q = 2 ions can
play a role in generating a frequency gap near the cyclotron frequency at 0.5ΩH+ .
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Figure 4.34: Histogram of the M/Q = 2 ions composition as estimated from
two characteristic cutoff frequencies of observed EMIC waves. The horizontal
axis represents the estimated M/Q = 2 ions composition. The step size of
horizontal axis is 0.001. The vertical axis represents the frequency of each step.
4.4 Discussion and summary
We surveyed EMIC waves from the long-term observations performed by the Ake-
bono satellite. The observed EMIC waves had various characteristics in their
frequency-time wave spectra. In particular, we performed ion concentration es-
timation by measuring the characteristic frequencies of EMIC waves such as the
bi-ion hybrid and crossover frequencies.
In Section 4.2, we introduced EMIC waves around 30–60 Hz that had a lower
cutoff, just above 0.5ΩH+ , along the trajectories of Akebono at around a magnetic
local time of 15:00–16:00 in an altitude region around 3700–6400 km. According
to our analysis, a crossover frequency exists above the characteristic lower cutoff,
and these EMIC waves have left-handed polarization in the higher-frequency parts,
while the polarization gradually changes to linear and finally to right-handed in
the lower-frequency parts of the waves. It was demonstrated that these events
follow the linear theory of EMIC waves with multiple ion constituents. We have
also noted that another band of EMIC waves were simultaneously observed below
0.5ΩH+ on April 15 and on April 25, 1989. In addition, this suggests that the wave
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normal direction is in the geomagnetic meridian plane with a relatively large wave
normal angle with respect to the geomagnetic field line.
Comparing the variations in the Dst index with the time when EMIC waves were
observed with their characteristic lower cutoff, the waves were repeatedly observed
within half a day after sudden decreases in Dst. However, they disappeared when
the recovery of the Dst index became moderate. This implies that the generation of
the wave is closely correlated to injections of energetic particles, and these results
are compatible with previous studies.
Although stormy conditions existed, such as an increase in the Dst index to −130
nT, the characteristic lower cutoffs of each event were stable at just above 0.5ΩH+ .
We studied the dispersion relation of EMIC waves under the condition of multiple
ion species and demonstrated that the lower cutoff of the EMIC wave can be
explained when the inner magnetosphere consists of a few percent alpha particles
(He++) or deuterons (D+). As was suggested by Isenberg [1984], there may not be a
frequency gap near the cyclotron frequency if there is only a very low concentration
of ions. However, our results suggest that some quantity of minor ions exists in the
inner magnetosphere causing the generation of a frequency gap near the cyclotron
frequency at 0.5ΩH+ .
In Section 4.2.2, we introduced dual band EMIC waves observed by the ELF
receiver at a magnetic local time around 13:00 in an altitude region around 4250–
6800 km. The observed two bands EMIC waves had clear cutoffs that were related
to ion cyclotron frequency variation. These characteristic cutoff frequencies can
be explained by the same mechanism as is provided in Section 4.2. We estimated
the ion composition by measuring these two characteristic cutoff frequencies. We
assumed the existence of three species of ion (H+, M/Q = 2 ion, and He+) in
plasma because the upper band emission of the observed EMIC waves had a char-
acteristic cutoff frequency just above 0.5ΩH+ . The presence of a certain amount of
M/Q = 2 ions is necessary to explain the clearly observed gap around ΩMQ2. Our
analysis suggests that we can explain the observed EMIC waves when there is 22–
32% He+ and approximately 4% M/Q = 2 ions in the plasma. We also discussed
the impacts on the characteristic frequency of the EMIC of the presence of O+.
The variation of the assumed O+ concentration had a similar impact on the rela-
tion between another bi-ion hybrid frequency and the ion concentration. However,
our analysis suggested that the estimated ion concentration under the O+-absent
plasma indicated an upper limit of the realistic ion composition in plasma.
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We introduced triple band EMIC waves observed by the ELF receiver from 22:09:10
UT to 22:25:50 UT on April 25, 1989. These EMIC waves were observed above
the He+ cyclotron frequency. One of these EMIC waves was observed above half
of the H+ cyclotron frequency (ΩMQ2), and corresponded to the H
+ band. It had
a characteristic clear cutoff just above ΩMQ2, suggesting the existence of a certain
amount of M/Q = 2 ions. One of the other bands corresponded to the M/Q = 2
ions band. In addition, the lowest band of the observed EMIC wave suggested
that the presence of an oxygen isotope is one of the possibilities. A new EMIC
branch appears just below 6/16ΩH+ due to the existence of a certain amount of
O6+. In this case, the ion composition of M/Q = 2 ions and O6+ are estimated as
less than 2.45% and 0.255%, respectively.
We suggest that the EMIC waves that have a lower cutoff just above 0.5ΩH+
provide evidence for the existence of minor ions with cyclotron frequencies of
0.5ΩH+ . It is difficult to determine the species of these minor ions, He
++ or D+,
because the dispersion relation of EMIC waves is essentially the same regardless
of the species. In case of Section 4.2, considering the fact that these EMIC waves
were observed within 12 hours after sudden decreases in the Dst index, the energy
source for the wave generation was possibly provided by energetic H+ injected
into the inner magnetosphere. He++, which mainly originates from solar wind,
can also be introduced by these injections. Daglis et al. [1999], Gloeckler et al.
[1985, 1987], Hamilton et al. [1988] estimated the sources and composition of ring
current ions. They used data observed around L ∼ 5 where the ring current density
becomes the highest [Lui et al., 1987,Michelis et al., 1997], and clarified that a few
percent of He++ was provided by the solar wind (Table 4.3). In addition, Young
et al. [1977] reported ion constituents in the outer magnetosphere observed by
the GEOS satellite. The ion composition experiment (ICE) instrument observed
“M/Z = 2 ions (M = ion mass, Z = ion charge)” which were occasionally 1%
and values of 3–5%, and these ions were identified as He++. The electron number
density at L ∼ 2 increases drastically compared with the one at higher L shells.
Concentration of He++ at L ∼ 2 should be expected to be much smaller than
the one at higher L shells, and there may not exist a frequency gap between H+
mode EMIC waves and 0.5ΩH+ under the general conditions of the plasmasphere
[Isenberg , 1984]. We could actually observe a clear frequency gap on the frequency-
time spectra of EMIC waves observed by the Akebono satellite. Therefore, our
discovery suggests that some amount of minor ions exists during the presented
event, even in the lower altitude equatorial region at L ∼ 2.
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Conversely, D+ originates from the ionosphere, and although its concentration is
fundamentally quite low, it is undeniable that the above events are caused by
D+. For instance, according to the observations by the Proton/Electron Telescope
(PET) instrument onboard SAMPEX, Looper et al. [1996] suggested the existence
of heavy hydrogen ions at an altitude of approximately 600 km. In this sense,
our results may be a very notable case if such minor ions that originated from the
ionosphere or the high altitude magnetosphere are distributed at nearly L ∼ 2.
Table 4.3: Sources of ring current ions, according to composition measure-
ments by the AMPTE and CRRES missions: contribution of main ion species
to total ion energy density at L ∼ 5 [Daglis et al., 1999].
Source, ion species Quiet-time Small/medium storms Intense storms
Total energy density ∼ 10 keVcm−3 ≥ 50 keVcm−3 ≥ 100 keVcm−3
Solar wind, H+ ≥ 60% ∼ 50% ≤ 20%
Ionosphere, H+ ≥ 30% ∼ 20% ≤ 10%
Ionosphere, O+ ≤ 5% ∼ 30% ≥ 60%
Solar wind, He++ ∼ 2% ≤ 5% ≥ 10%
Solar wind, He+ < 1% < 1% < 1%
Ionosphere, He+ < 1% < 1% < 1%
Solar wind, total ∼ 65% ∼ 50% ∼ 30%
Ionosphere, total ∼ 35% ∼ 50% ∼ 70%
Although it is difficult to determine which ion is dominant so far, our discovery is
quite an important clue for measuring such minor ions in the inner magnetosphere.
It is well known that the development of ion detectors for direct measurement
in this region is very difficult because of the relativistic particles in the inner
magnetosphere [Liu et al., 2005]. Thus, wave measurements in the frequency range
of ion mode waves could be a powerful tool for determining the ion constituents
of this region.
Chapter 5
Ion Cyclotron Whistler Waves
Observed by the ELF Receiver
5.1 Ion cyclotron whistler waves
It is well known that lightning whistler waves are caused by lightning discharge;
these waves propagate along geomagnetic field lines as R-mode plasma waves of less
than several tens kHz. Ion cyclotron whistler waves, which are EMIC mode waves,
have a close relation to lightning whistlers. The first observation of a H+ band
ion cyclotron whistler was reported by Smith et al. [1964]. They showed examples
observed by the Alouette I and Injun 3 satellites in the altitude region around 1000
km for Alouette I and 1800 km for Injun 3, and named the phenomenon “proton
whistler”. Gurnett et al. [1965] statistically investigated proton whistlers observed
by the Injun 3 satellite, and observed proton whistlers in the altitude region around
500–2700 km. They theoretically suggested that ion cyclotron whistlers are caused
by mode conversion at an EMIC crossover frequency. A recent study, Shklyar et al.
[2012] showed the results of clear polarization analysis and ray tracing of proton
whistlers using six-component plasma wave measurements from the DEMETER
satellite. They discovered from observations that mode conversion and sudden
polarization change occurred at a local crossover frequency.
Subsequently, ion cyclotron whistlers related to heavier ions have also been discov-
ered. Barrington et al. [1986] reported a He+ band ion cyclotron whistler observed
by the Alouette II satellite in the altitude region around 2000 km. Gurnett et al.
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[1970] reported M/Q = 8 ion cyclotron whistlers (M = ion mass in amu, Q = ion
charge) observed by the Injun 5 satellite in the altitude region around 1300–2100
km.
Watanabe et al. [1975] reported the first observation of M/Q = 2 ion cyclotron
whistlers measured by the ISIS-2 satellite. According to their analysis, M/Q = 2
ion cyclotron whistlers were observed in the altitude region around 1360–2800 km
(L = 1.2–1.6). They suggested that these M/Q = 2 ion cyclotron whistlers are
caused by deuterons (D+) from the Earth’s ionosphere, and named them “deuteron
whistlers”. It is important to note that some of these waves appeared to propa-
gate across the geomagnetic equator from the hemisphere opposite the satellite.
Watanabe et al. [1975] named them as “trans-equatorial ion cyclotron whistlers”.
These whistlers have an asymptotic frequency close to each ion cyclotron frequency
at the minimum B point because the waves propagate to the satellite via the ge-
omagnetic equator (for more details, see their paper). Bosˇkova´ et al. [1986] also
reported M/Q = 2 ion cyclotron whistlers observed by Interkosmos 5 and 19 in
altitude regions around 600 km (L = 1.1) and 1000 km (L = 1.5). However, few
observations ofM/Q = 2 ion cyclotron whistlers have been subsequently reported.
It is important to know how M/Q = 2 ions exist in the inner magnetosphere be-
cause a realistic ion distribution model will be useful for further studies of the inner
magnetosphere. In other words, observation of minor ion gives important clues to
clarify how M/Q = 2 ions are provided and circulate in the inner magnetosphere.
However, in general, it is very hard to discriminate compositions of the thermal/-
suprathermal ions in the inner magnetosphere because of the relativistic particles
[Liu et al., 2005]. For that reason, there is no detailed minor ion observation in
the inner magnetosphere. Conversely, EMIC observation by wave instruments is
not affected by such problems and is thus a promising plasma diagnostics tool for
estimation of low-energy ion distribution in the inner magnetosphere.
5.2 Generation and propagation mechanism
The propagation characteristics of ion cyclotron whistlers are strongly dependent
on the ion concentrations in plasma as well as the nature of general EMIC waves.
Hines [1957] and Kimura [1966] demonstrated that the dispersion relation of a
plasma wave under cold plasma approximation with multiple ion constituents is
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derived from the so-called “Appleton–Hartree” equation, which is represented by
a biquadratic equation in n2, where n is the refractive index of the wave. We
can obtain two modes of refractive indices, corresponding to right-handed and
left-handed polarization, by solving the equation. For parallel propagation, the



































where ωpi and Ωi denote the plasma and cyclotron frequencies of ion species “i”,
respectively, ωpe and Ωe denote the electron plasma and cyclotron frequencies,
respectively, and n||R and n||L correspond to the refractive index for right-handed
and left-handed polarized waves, respectively.
“Crossover frequency (ωcr)” is the characteristic frequency of an ion cyclotron
mode wave, and denotes the frequency when n||R is equal to n||L. An R- or L-
mode plasma wave can couple with the other mode at this frequency. The number
of crossover frequencies depends on the number of ion species in the plasma. If
there are p(≥ 2) types of ions, crossover frequencies appear on (p−1) ion branches.
It is noted that the crossover frequency does not appear on the heaviest ion branch.
p ≥ 2 is the minimum requirement for the appearance of more than one crossover
frequency. This frequency can be theoretically obtained by solving the equation












where Ai and mi denote the concentration ratio (normalized by the total ion
density, that is,
∑
iAi = 1) and mass of ion species “i”, respectively. me denotes
the electron mass.
We briefly summarize the characteristic spectrum of ion cyclotron whistlers. Fig-
ure 5.1 shows a schematic diagram of a typical ion cyclotron whistler (shown as
(a) in Figure 5.1) and trans-equatorial ion cyclotron whistlers (shown as (b) in
Figure 5.1). The blue and red lines denote the spectra of whistlers propagating
as R and L-modes, respectively. One of the most important features is the lowest
frequency of an ion cyclotron whistler that denotes the local crossover frequency
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(ωcrlocal) of the EMIC mode wave. The crossover frequency becomes low as the
ion cyclotron whistler propagates toward low-latitude regions. An R-mode light-
ning electron whistler is converted into an L-mode ion cyclotron wave at the local
crossover frequency between the electron whistler and the ion cyclotron branches
along the propagation path [Clemmow et al., 1954]. The intensity of the electron
whistler was damped at the local crossover frequency because of energy transfer
from the R-mode electron whistler to the L-mode ion cyclotron wave. Hence, the
starting point of damping (ωcrMax) denotes the maximum crossover frequency along
the propagation path. An electron whistler is often coupled with an L-mode ion
cyclotron wave and propagates with an ion cyclotron whistler between ωcrlocal and
ωcrMax (dashed line in Figure 5.1). The intensity of the electron whistler between
ωcrlocal and ωcrMax is determined by the strength of the coupling. Although a light-
ning electron whistler still propagates as an R-mode wave around the crossover
frequency, an ion cyclotron whistler propagates as an L-mode wave between the
crossover frequency and each ion cyclotron frequency. The asymptotic frequency
of a typical ion cyclotron whistler is close to each local ion cyclotron frequency
(Ωilocal). On the other hand, the asymptotic frequency of a trans-equatorial ion
cyclotron whistler is close to each ion cyclotron frequency at the minimum B point
(Ωieq) [Watanabe et al., 1975] because the EMIC wave cannot propagate further
when the wave frequency becomes larger than the local cyclotron frequency.
For a heavier or lighter ion mode, the propagation characteristics are essentially
identical. These facts suggest that we can estimate the ion species and concentra-
tions at a local point or in the propagation path of the waves by analyzing these
characteristics of ion cyclotron whistlers.
Lightning whistler waves are generally right-handed electron mode waves indicated
by the symbol “e” in Figure 2.13. However, ion cyclotron whistler waves are left-
handed ion cyclotron mode waves indicated by the symbols of each ion species.
Ion cyclotron whistler waves are generated by mode conversion from an R-mode
whistler wave into an L-mode ion cyclotron wave at the local crossover frequency
(ωcr) because the parallel propagation branch of H
+ mode EMIC (red dashed line)
crosses the branches of right-handed electron mode waves [Clemmow et al., 1954,
Gurnett et al., 1965].
Figure 5.2 represents a schematic diagram of the propagation mechanism of an
ion cyclotron whistler wave. We assumed that a lightning whistler in the R-mode
branch is generated in the ionosphere and propagates along the geomagnetic field
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Figure 5.1: Schematic diagram of (a) a typical ion cyclotron whistler and (b)
a trans-equatorial ion cyclotron whistler. The blue and red lines denote R-mode
and L-mode propagating waves, respectively. The value of the intensity between
ωcrlocal and ωcrMax (dashed line) depends on the strength of the mode coupling.
line toward the opposite hemisphere. The bottom six panels show the time varia-
tion of the spectrum pattern when we assume that an R-mode lightning whistler
wave is completely converted into an L-mode ion cyclotron wave at the crossover
frequency as the wave propagates along the geomagnetic field line. Blue solid lines
denote unconverted R-mode lightning whistlers. The wave energy of the frequency
range, which is represented by the light-blue dashed lines, was already converted
into an L-mode ion cyclotron mode wave. A converted L-mode ion cyclotron
whistler changes its spectrum pattern as it propagates along the geomagnetic field
line because its group velocity decreases when the wave frequency approaches the
local ion cyclotron frequency. As the wave approaches the geomagnetic equator,
the intensity of the background magnetic field |B| becomes relatively weak. Conse-
quently, local ion cyclotron (Ωi) and crossover frequencies (ωcri) become relatively
lower than those in the high-latitude region. In other words, a lightning whistler
waves are converted into ion cyclotron whistler waves from higher to lower frequen-
cies. As shown in the dispersion relation (Figure 2.13), the upper limit frequency
of each ion band EMIC approaches each ion cyclotron frequency and cannot prop-
agate further when the wave frequency becomes larger than the local cyclotron
frequency. Hence, the asymptotic frequency of an ion cyclotron whistler denotes
the frequency just below that of the local ion cyclotron. This process explains
formation of the characteristic spectrum delay (from “A” to “F”).
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After the wave passes through the geomagnetic equator and propagates toward
the higher latitude region, the intensity of the background geomagnetic field |B|
increases again. The frequency component above the equatorial ion cyclotron
frequency (Ωieq) is damped before the wave passes through the equator. Hence,
the asymptotic frequency of the ion cyclotron whistler is always just below the
equatorial ion cyclotron frequency after the wave passes through the geomagnetic
equator. Such an ion cyclotron whistler is known as a trans-equatorial ion cy-
clotron whistler [Matsuda et al., 2014b, Watanabe et al., 1975, 1980].
The crossover frequencies of EMIC waves change depending on the cold ion com-
position in the plasma. Figure 5.3 shows dispersion curves of an electromagnetic
ion cyclotron mode wave under three different combinations of ion composition
including a) H+:100%, b) H+:80% and He+:20%, and c) H+:78%, D+:2%, and
He+:20%. The coarsely and finely hatched regions correspond to the L- and R-
mode regions, respectively. The frequencies in the vertical axes are normalized
by the local proton cyclotron frequency. The angle between the wave normal and
the geomagnetic field line is denoted by θ. As shown in Figure 5.3a, no crossover
frequency appears for ion cyclotron whistler generation on an EMIC branch when
the electron and one species of ion exist in the plasma. Under such a condition,
mode conversion from lightning whistler to ion cyclotron whistler does not occur.
Conversely, the R-mode whistler wave branch has at least one intersection with
the L-mode ion cyclotron wave branch in plasma of multiple ion species. Figure
5.3b shows that only one crossover frequency appears on the highest branch of
EMIC when two species of ions exist in the plasma. For example, H+ and ad-
ditional species of ions heavier than H+ are necessary for mode conversion from
electron whistler to H+ band ion cyclotron whistler. Similarly, when three species
of ions exist, two crossover frequencies appear on the highest and second branch of
EMIC, respectively. Considering these facts, the observation of an ion cyclotron
whistler suggests the existence of at least two ion species. For example, Figure 5.3c
shows that two crossover frequencies appear on the H+ branch and the M/Q = 2
ion branch. We note that the dispersion relation of the M/Q = 2 ion branch is
essentially identical regardless of whether the species is D+ or He++; therefore, we
use term M/Q = 2 ion in the present study to indicate these two species of ion.
Considering the dispersion relation shown in Figure 5.3, we can classify an ap-
propriate ion combination to explain the generation process of the observed ion
cyclotron whistler. Figure 5.4 represents a Venn diagram that shows the necessary
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Figure 5.2: Schematic diagram of the mechanism of ion cyclotron whistler
wave generation. We assume that the lightning whistler in the right-handed
polarization (R-mode) branch is generated in the ionosphere and propagates
along the geomagnetic field line toward the opposite hemisphere. The bottom
six panels show the time variation of the spectrum pattern under the assumption
that an R-mode lightning whistler wave is completely converted into a left-
handed polarization (L-mode) ion cyclotron wave at the crossover frequency as
the wave propagates along the geomagnetic field line. Blue solid lines denote
unconverted R-mode lightning whistlers. The wave energy of the frequency
range represented by the light blue dashed lines was previously converted into
an L-mode ion cyclotron mode wave. A converted L-mode ion cyclotron whistler
changes its spectrum pattern as it propagates along the geomagnetic field line
(A–F).
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Figure 5.3: Dispersion curves of an electromagnetic ion cyclotron mode wave
under the three different ion environments. The relative ion constituents are
a) H+:100%, b) H+:80% and He+:20%, and c) H+:78%, D+:2%, and He+:20%.
The coarsely hatched regions correspond to the regions of left-handed polar-
ization, whereas the finely hatched regions correspond to those of right-handed
polarization. The frequencies in the vertical axes are normalized by the lo-
cal proton cyclotron frequency. The angle between the wave normal and the
geomagnetic field line is denoted by θ.
conditions of ion existence (H+, He+, M/Q = 2 ion, and O+) for ion cyclotron
whistler wave generation. Here, we assume that the majority of ions in the plas-
masphere is H+. Each circle represents a heavy ion species likely present in the
plasmasphere. The numbers in the figure show the different combinations of ion
species and the corresponding branches of ion cyclotron whistlers are indicated by
blue characters. The generation conditions of an O+ band ion cyclotron whistler
are not shown in the figure because additional species of ion heavier than O+ are
necessary for generation of an O+ band ion cyclotron whistler.
Realistic relationship includes effects of a few amount of hot ion species [Gomberoff
et al., 1983, Kozyra et al., 1984]. However, in this study, we only consider cold
dispersion relation. It is sufficient to discuss which bands of ion cyclotron whistler
waves are generated [Singh et al., 1998]. That is, we can know the existence of
minor ions when we detect ion cyclotron whistler spectra in which specific features
are recognized at local crossover and/or cyclotron frequencies.
Chapter 5. Ion Cyclotron Whistler Waves Observed by the ELF Receiver 92
Figure 5.4: Venn diagram showing the conditions necessary for ion existence
(H+, He+, M/Q = 2 ion, O+) for ion cyclotron whistler wave generation. Here,
we assume that the majority of ions in the plasmasphere is H+. Each circle
represents a heavy ion species that could be present in the plasmasphere. The
numbers in the figure show the different combinations of ion species, and the
corresponding branches of ion cyclotron whistlers are indicated by blue charac-
ters.
5.3 Overview of observed ion cyclotron whistlers
The frequency coverage of the VLF receiver ranges from a few Hz to 17.8 kHz,
capturing electric and magnetic field components. The WBA receiver, one of the
subsystems of the VLF receiver, often detects lightning whistler waves. However,
because of its limited resolution and frequency coverage, the WBA receiver cannot
observe ion cyclotron whistler waves propagating at frequencies below the ion
cyclotron frequency. Low frequency components (approximately below the ion
cyclotron frequency) of lightning whistler waves are instead observed by the ELF
receiver, another of the VLF’s subsystems. Therefore, from data observed by
the ELF receiver, we can discuss the generation and propagation of ion cyclotron
whistler waves. The top panel of Figure 5.5 presents the magnetic field spectrum
below 15 kHz observed by the WBA receiver onboard the Akebono satellite from
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03:37:37 UT to 03:37:48 UT on June 9, 1989. The lower panel presents the electric
field spectrum below 80 Hz observed by the ELF receiver during the same period.
The gain of frequency components from DC to a few hundred Hz in the top panel
and from 50 to 80 Hz in the bottom panel cannot be solely attributed to the
low-gain search coil and low-pass filters. The thick white chained line in the lower
panel indicates the local oxygen cyclotron frequency. As evident in these panels,
elements of lightning whistler waves propagate at frequencies ranging from a few
Hz to over 15 kHz. An O+ band ion cyclotron whistler wave in the 2–17 Hz range
was observed from 03:37:43 UT to 03:37:48 UT.
Figure 5.5: (Top) Magnetic field wave spectrum observed by the WBA receiver
from 03:37:37 UT to 03:37:48 UT on June 9, 1989. (Bottom) Electric field wave
spectrum observed by the ELF receiver during the same period.
Major Ion Band Ion Cyclotron Whistler
Figures 5.6a shows the electric field wave spectrum below 160 Hz, measured by
the ELF receiver from 19:16:40 to 19:17:00 UT on September 16, 1991. Figures
5.6b and 5.6c show electric field wave spectra below 80 Hz measured by the ELF
Chapter 5. Ion Cyclotron Whistler Waves Observed by the ELF Receiver 94
receiver from 21:34:15 to 21:34:45 UT on May 13, 1989, and from 03:37:30 to
03:38:00 UT on June 9, 1989, respectively. Thin solid lines, thick dashed lines, and
thick chained lines in the spectrograms indicate ΩH+ , ΩHe+, and ΩO+ , respectively,
where Ωi denotes the local cyclotron frequency of the ith ion species. The thin
dashed line in Figure 5.6a indicates 0.5ΩH+ . The orbital parameters of Akebono are
shown at the bottom of each panel. The parameters UT, LVAL, ALT, MLT, and
MLAT denote universal time, L value, altitude, magnetic local time, and magnetic
latitude, respectively. Distinct characteristic spectral patterns appear just below
each ion cyclotron frequency. Lightning whistlers occurred on 19:16:45 UT and
19:16:51 UT, and were converted into L-mode ion cyclotron whistlers (Figure 5.6a).
The converted ion cyclotron whistlers propagated over a few seconds (from 19:16:45
to 19:16:50 and from 19:16:51 to 19:17:00) in the frequency range just below ΩH+ .
These spectral features are suggestive of H+ band ion cyclotron whistlers. An
example of a He+ band ion cyclotron whistler is evident in Figure 5.6b. The
lightning whistler loses energy throughout this period (approximately 40–50 Hz
at 21:34:28 UT.) The receiver also detected O+ band ion cyclotron whistlers at
relatively low altitudes. As shown in Figure 5.6c, the asymptotic frequency of the
ion cyclotron whistler approaches ΩO+ , strongly suggesting that these whistlers
are O+ ion cyclotron whistlers.
Minor Ion Band Ion Cyclotron Whistler
Figures 5.7a and 5.7b show the electric field wave spectra below 80 Hz measured
by the ELF receiver from 18:34:25 to 18:34:55 UT on June 28, 1990, and from
22:44:30 to 22:45:00 UT on October 5, 1989, respectively. The thin chained
line in Figure 5.7b indicates the cyclotron frequency of M/Q = 8 ions. Other
lines in the spectrogram are as described in Figure 5.6b. Several ion cyclotron
whistler waves around the ΩMQ2–ΩHe+ frequency range were observed at 18:34:27
UT, 18:34:31 UT, and 18:34:51 UT (Figure 5.7a). The asymptotic frequencies
of these waves approach ΩMQ2, indicating that they are M/Q = 2 ion band ion
cyclotron whistlers. An M/Q = 8 ion cyclotron whistler around the ΩMQ8–ΩO+
frequency range was observed at 22:44:50 UT. The asymptotic frequency of this
wave approaches ΩMQ8, indicating an M/Q = 8 ion band ion cyclotron whistler.
This observation was accompanied by a He+ band ion cyclotron whistler around
the ΩHe+–ΩMQ8 frequency range, which was obviously converted from the same
fractional-hop lightning whistler.
Chapter 5. Ion Cyclotron Whistler Waves Observed by the ELF Receiver 95
Figure 5.6: Examples of H+, He+, and O+ band ion cyclotron whistler waves
observed by the ELF receiver.
5.4 Case studies ofM/Q = 2 ion cyclotron whistlers
5.4.1 M/Q = 2 ion cyclotron whistler wave
The top panel of Figure 5.8 shows the electric field wave spectrum below 80 Hz
measured by the ELF receiver from 04:57:47 to 04:57:51 UT on May 15, 1989. The
bottom panel of Figure 5.8 shows a schematic diagram of the wave. The frequency





, respectively, where Ωilocal denotes the local
cyclotron frequency of ion species “i” along the trajectory. Thin dashed lines
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Figure 5.7: Examples of M/Q = 2 and M/Q = 8 ion band ion cyclotron
whistler waves observed by the ELF receiver.
indicate “0.5 ΩH+
local
”. The cyclotron frequencies were derived from DC magnetic
field measurements by magnetic field (MGF) instruments [Fukunishi et al., 1990]
onboard Akebono. The orbital parameters of Akebono are shown in the bottom
of the panels, where UT, LVAL, ALT, MLT, and MLAT denote universal time,
L value, altitude, magnetic local time, and magnetic latitude, respectively. Note
that the attenuation at the upper frequency of the waves around 50 Hz was caused
by the low-pass filter of the ELF receiver set at 50 Hz. Nevertheless high-intensity
waves can be observed above 50 Hz because the low-pass filter was designed to
gradually attenuate from 50 Hz to 80 Hz.
This event was observed when Akebono was orbiting from the southern to the
northern hemisphere in the altitude region around 4,200 km on the day side
(MLAT= −5.38◦ to −5.31◦, L ∼ 1.7, 13.17 MLT). As shown in Figure 5.8, a
lightning electron whistler (shown as (O) in the bottom panel of Figure 5.8) was
observed around 10–56 Hz from 04:57:48 to 04:57:49 UT. There was no electron
whistler element above approximately 55 Hz because of the effect of low-pass filters
within the ELF receiver. Furthermore, anM/Q = 2 ion cyclotron whistler (shown
as (A) in the bottom panel of Figure 5.8) was simultaneously observed around
46–56 Hz. This M/Q = 2 ion cyclotron whistler had an asymptotic frequency
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Figure 5.8: (top) Electric field spectrogram of theM/Q = 2 ion and H+ mode




. In addition, a H+ cyclotron whistler (shown as (B) in the
bottom panel of Figure 5.8) was simultaneously observed above 0.5 ΩH+
local
. Note
that the horizontal band around 32 Hz was caused by an interference from the
onboard instruments.
5.4.2 Trans equatorialM/Q = 2 ion cyclotron whistler wave
We introduce a newly discovered event in which trans-equatorial M/Q = 2 ion
cyclotron whistlers were observed by Akebono. Figure 5.9 shows an example of
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trans-equatorial M/Q = 2 ion cyclotron whistlers observed by the ELF receiver
from 11:05:36 to 11:06:00 UT on July 15, 1989. The thin pink dashed line in Figure
5.9 indicates 0.5ΩH+eq, where ΩH+eq denotes the minimum proton cyclotron frequency
along the geomagnetic field line passing through the satellite. Other lines in the
spectrogram are identical as those in Figure 5.8. This event was observed when
Akebono was orbiting from the northern to the southern hemisphere in the alti-
tude region around 4,470–4,530 km on the dusk side (MLAT= −9.20◦ to −9.78◦,
L =1.7–1.8, 18.70–18.71 MLT). Four M/Q = 2 ion cyclotron whistlers were ob-
served around 34–50 Hz from 11:05:41 to 11:06:00 UT. In this case, theseM/Q = 2
ion cyclotron whistlers had an asymptotic frequency approaching 0.5 ΩH+eq (thin
pink dashed line). Their characteristic hook-like spectrum patterns suggest that
they can be identified as “nose-type ion cyclotron whistler”. This can be ex-
plained by the propagation of twin ion cyclotron whistlers coming from both
hemispheres [Watanabe et al., 1975, 1980]. Following these spectra, nine trans-
equatorial M/Q = 2 ion cyclotron whistlers were consequently observed until
11:06:51 UT in the altitude region around 4,530–4,680 km (MLAT= −9.78◦ to
−11.25◦, L ∼1.8, 18.71–18.73 MLT).
Figure 5.9: Electric field spectrogram of trans-equatorial M/Q = 2 ion cy-
clotron whistlers observed on July 15, 1989.
5.4.3 Discussion
The observed M/Q = 2 ion cyclotron whistlers presented in the previous section
show an obvious frequency gap near the cyclotron frequency at 0.5 ΩH+
local
. Thus,
these events are valuable evidence indicating that some M/Q = 2 ions are present
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on the propagation paths. A trans-equatorial ion cyclotron whistler that propa-
gates through the geomagnetic equator implies the existence of M/Q = 2 ions not
only at local points but also at the minimum B point along the propagation path.
This indicates that M/Q = 2 ions exist at higher altitude region than at the local
point. Compared with previous observations described in Introduction, the newly
discovered M/Q = 2 ion cyclotron whistlers are important cases observed at the
highest altitude where these whistlers have been observed till date.
We examine ion concentrations during the event. As shown in equation (5.3)
in the previous section, the crossover frequencies of ion cyclotron mode waves
are closely related to the ion concentration ratio in plasma. As a general rule,
if there are p(≥ 2) types of ions, crossover frequencies appear on (p − 1) ion
branches. For example, when we consider three types of ions (H+, M/Q = 2 ion,
He+) to explain the generation of M/Q = 2 ion cyclotron whistlers, two crossover
frequencies (ωcr1 and ωcr2) appear on the H
+ branch and theM/Q = 2 ion branch,
respectively. Then we can establish two equations by substituting ωcr1 and ωcr2 in
equation (5.3). In addition, the total ion concentration ratio
∑
iAi equals 1, i.e.,
AH+ + AM/Q=2 + AHe+ = 1. The ion mass (mi), electron mass (me), and electron
cyclotron frequency (Ωe) in equation (5.3) are known parameters in the equation.
If we can determine two crossover frequencies (ωcr1 and ωcr2) by observation, we
can completely estimate the unique concentration of ions (AH+ , AM/Q=2, AHe+) by

















































AH+ + AM/Q=2 + AHe+ =1.
(5.4)
However, it is hard to determine all crossover frequencies by satellite observation
because of wave damping and/or frequency coverage limitation of satellite instru-
ments. For example, in the case of Figure 5.8, we can determine only one crossover
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frequency. Therefore, in this study, we fixed one ion concentration to determine
the concentrations of the other ions. We can estimate the concentrations of two
types of ions by reducing one unknown parameter.
We estimated the ion concentration from the crossover frequency of an M/Q = 2
ion cyclotron whistler observed at 04:57:45 UT on May 15, 1989 (shown as (A)
in the bottom panel of Figure 5.8). The existence of such crossover frequency
suggests that some “M/Q = 2 ions” and “heavier ions than M/Q = 2” were
present along the trajectory. Estimation was based on the following assumptions:
• There were three types of ions (H+, D+, He+).
• The He+ concentration was in the range 10–20% (the typical range for He+
concentration in the plasmasphere [Lemaire et al., 1998]).
Figure 5.10 shows the relationship between the He+ concentration (horizontal axis)
and the M/Q = 2 ion concentration (vertical axis) for a crossover frequency of
M/Q = 2 ion band of 45.6 Hz (red line). Furthermore, we show the error range
lying between the gray dotted lines at 45.0 Hz and 46.3 Hz, which is derived from
the errors in crossover frequency determination caused by the resolution of fast
Fourier transform analysis. For example, the concentration of M/Q = 2 ions is
estimated to be 9.41–12.6% when we assume a He+ level of 20.0%. Note that the
concentration of He+ is generally suggested to be 10–20%, and He+ of 20% is at
the upper bound of the typical ion concentration. This suggests that the actual
concentration of M/Q = 2 ions is lower than 12.6%. It should also be noted
that the red line in Figure 5.10 crosses the horizontal axis at He+ concentration
of 9.95–10.9%; this suggests that a value of more than 9.95% of He+ along the
trajectory is a requirement for consistency with the observation of M/Q = 2 ion
cyclotron whistlers.
As shown in Section 2, the intensity of the electron whistler between ωcrlocal and
ωcrMax is determined by the strength of the coupling. However, in reality, the
intensities of electron and ion cyclotron whistlers are affected by both the mode
coupling and propagation loss. In addition, the electron and ion cyclotron whistlers
observed by the Akebono satellite are often attenuated because of the effect of low-
pass filters within the ELF receiver (as shown in Figure 5.8). We would like to
consider the detailed coupling process in our future work.
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Figure 5.10: Relationship between the He+ concentration (horizontal axis)
and the M/Q = 2 ion concentration (vertical axis) for a crossover frequency of
the M/Q = 2 ion band of 45.6 Hz (red line).
The dispersion relation of EMIC waves is essentially identical regardless of whether
the species is D+ or He++. Irrespective of the species, the concentration ofM/Q =
2 ions is the same. At present, it is difficult to determine the species of the
M/Q = 2 ion, He++ or D+. However, this ambiguity might be solved if we
introduce ray tracing and reconstruct the spectrum of ion cyclotron whistlers. If
the observed spectrum is successfully reconstructed with an appropriate electron
density and ion concentration profile, variation in the M/Q = 2 ion concentration
will be important evidence for the identification of the M/Q = 2 ions as either
He++ from the solar wind or D+ from the Earth’s ionosphere.
If the observed M/Q = 2 ion whistlers are related to D+, the spatio-temporal
variations of the ion whistlers can provide the information on the circulation of
D+ in the inner magnetosphere. Especially, the statistical survey can be used for
the discussion on the escape mechanisms from the ionosphere to the inner magne-
tosphere. On the other hand, if the observed M/Q = 2 ion whistlers are related to
He++, the results of this study suggests that the solar wind ions directly penetrate
into the inner magnetosphere. Since the typical energy of He++ is a few keV in the
solar wind [Daglis et al., 1999], the transportation into the inner magnetosphere
Chapter 5. Ion Cyclotron Whistler Waves Observed by the ELF Receiver 102
is difficult because the magnetic drifts exceeds the convection. Further studies
are necessary to discriminate these possibilities, which shed light on the origin of
minor ions in the inner magnetosphere. In that sense, these wave based analysis
becomes useful diagnostic tool for the circulation of magenetospheric minor ions
in the inner magnetosphere. Our study can also be applied to future satellite
missions such as ERG [Miyoshi et al., 2013].
5.5 Event study of H+ band ion cyclotron whistlers
along the trajectory
H+ band ion cyclotron whistlers continue to be observed along the trajectory
of the Akebono satellite from 22:39:00 UT to 23:25:00 UT on March 21, 1989.
Figure 5.11 represents electric and magnetic field spectrograms of ELF emissions
below 160 Hz observed from 22:39:00 UT to 23:25:00 UT on March 21, 1989.
White thin solid lines, thin dashed lines, thick dashed lines, and thick chained
lines denote ΩH+ , ΩMQ2, ΩHe+ , and ΩO+ , respectively. Pink filled triangles show
the times at which H+ band ion cyclotron whistlers were observed. Orange filled
triangles show the times at which only lightning whistlers were observed. We
also represent high time resolution spectra in Figure 5.12. Panels a, b, c, and d
represent electric field spectra from 22:50:50 UT to 22:51:20 UT, from 22:55:48
UT to 22:58:18 UT, from 22:57:00 UT to 22:57:30 UT, and from 23:05:02 UT to
23:05:32 UT, respectively. The alphabets of the panels correspond to the label in
the two panels of Figure 5.11. Figure 5.14 represents trajectory of the Akebono
satellite in meridian plane during the event on March 21, 1989. Red filled circles
show the locations at which H+ band ion cyclotron whistlers were observed. Open
circles show the locations at which only lightning whistlers were observed. It
is clearly seen that H+ band ion cyclotron whistlers were observed at restricted
region at an altitude region around 5540.3–6510.4 km (a geomagnetic latitude
region around 24.82–33.89 degrees). No ion cyclotron whistlers were observed at
outside of this region in spite of lightning whistlers were observed. This suggests
that generation condition of H+ band ion cyclotron whistler wave is satisfied at
the restricted region in the inner magnetosphere.
H+ band ion cyclotron whistlers continued to be observed along the trajectory of
the Akebono satellite from 22:39:00 UT to 23:25:00 UT on March 21, 1989. Figure
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5.11 presents electric and magnetic field spectrograms of ELF emissions below 160
Hz, observed from 22:39:00 UT to 23:25:00 UT on March 21, 1989. White thin
solid lines, thin dashed lines, thick dashed lines, and thick chained lines denote
ΩH+ , ΩMQ2, ΩHe+ , and ΩO+ , respectively. Pink and orange filled triangles show the
observation times of H+ band ion cyclotron whistlers and lightning whistlers only,
respectively. The high time resolution spectra are presented in Figure 5.12. Panels
a, b, c, and d of this figure show the electric field spectra from 22:50:50 UT to
22:51:20 UT, from 22:55:48 UT to 22:58:18 UT, from 22:57:00 UT to 22:57:30 UT,
and from 23:05:02 UT to 23:05:32 UT, respectively. These observation periods
correspond to the alphabetic labels in both panels of Figure 5.11. Figure 5.14
illustrates the trajectory of the Akebono satellite in the meridian plane during the
event on March 21, 1989. Red filled circles and open circles show the locations
at which the H+ band ion cyclotron whistlers were observed and at which only
lightning whistlers were observed, respectively. Clearly, H+ band ion cyclotron
whistlers were observed within a restricted region around a 5540.3–6510.4 km
altitude (geomagnetic latitudes around 24.82–33.89 degrees). Outside this region,
lightning whistlers but no ion cyclotron whistlers were observed. This suggests
that the generation condition of H+ band ion cyclotron whistler waves is satisfied
only within a restricted region of the inner magnetosphere.
Figure 5.14 displays the crossover frequencies of the H+ band ion cyclotron whistlers
observed during this period, normalized by the local H+ cyclotron frequency. Pan-
els a, b, and c plot the altitude versus ωcr/ΩH+ , magnetic latitude versus ωcr/ΩH+ ,
and L value versus ωcr/ΩH+ , respectively. As shown in these plots, the crossover
frequencies of the observed ion cyclotron whistlers depend on their locations. Pre-
viously, we mentioned that the crossover frequency of an ion cyclotron whistler
wave is closely related to the ion composition. Therefore, these results suggest
that the ion composition varies at different locations.
Panels a, b, and c of Figure 5.15 are dispersion curves of an electromagnetic ion
cyclotron mode wave with different relative ion constituents: a) H+:78%, D+:2%,
and He+:20%, b) H+:72% D+:8%, and He+:20%, and c) H+:68%, D+:2%, and
He+:30%. The coarsely and finely hatched regions indicate regions of left-handed
polarization and right-handed polarization, respectively. The frequencies on the
vertical axes are normalized by the local proton cyclotron frequency. The angle
between the wave normal and the geomagnetic field line is denoted by θ. Com-
paring Panels a and b of Figure 5.15, we observe that the H+ band crossover
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Figure 5.11: Electric and magnetic field spectrograms of ELF emissions below
160 Hz, observed from 22:39:00 UT to 23:25:00 UT on March 21, 1989. White
thin solid lines, thin dashed lines, thick dashed lines, and thick chained lines de-
note ΩH+ , ΩMQ2, ΩHe+ , and ΩO+, respectively. Pink and orange filled triangles
show the times at which H+ band ion cyclotron whistlers were observed and at
which only lightning whistlers were observed, respectively. Alphabetic labels in
the top panel correspond to Panels a, b, c, and d of Figure 5.12.
frequency (ωcr1) increases at high relative concentrations of D
+ (ωcr1 increases
from 0.56 to 0.62 when the relative D+ concentration increases from 2% to 8%).
Similarly, comparing Panels a and c of Figure 5.15, the H+ band crossover fre-
quency (ωcr1) increases at high relative concentrations of He
+ (ωcr1 increases from
0.56 to 0.62 when the relative He+ concentration increases from 20% to 30%). This
fact suggests that high concentrations of heavy ions elevate the H+ band crossover
frequency.
We now discuss the observed crossover frequency variations. The higher the al-
titude or geomagnetic latitude (Figure 5.14a and 5.14b, respectively), the lower
the crossover frequency. When surveying the L value dependence of the observed
crossover frequency, it is evident that the lower the L shell, the lower the crossover
frequency (Figure 5.14c). From these findings, the following possibilities arise:
i). The relative concentration of heavy ions is a decreasing function of altitude.
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Figure 5.12: Electric field spectrograms of ELF emissions below 160 Hz, ob-
served on March 21, 1989 over different observation periods. (a) 22:50:50 UT
to 22:51:20 UT. (b) 22:55:48 UT to 22:58:18 UT. (c) 22:57:00 UT to 22:57:30
UT. (d) 23:05:02 UT to 23:05:32 UT. White thin solid lines, thin dashed lines,
thick dashed lines, and thick chained lines denote ΩH+, ΩMQ2, ΩHe+ , and ΩO+ ,
respectively.
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Figure 5.13: Trajectory of the Akebono satellite in the meridian plane during
the H+ band ion cyclotron whistler event occurring from 22:54:30 UT to 23:01:00
UT on March 21, 1989. Red filled circles and open circles show the locations
at which H+ band ion cyclotron whistlers and lightning whistlers alone were
observed, respectively.
ii). The relative concentration of heavy ions is a decreasing function of the geo-
magnetic latitude.
iii). The relative concentration of heavy ions is a decreasing function of L value.
If the heavy ions influencing the observed H+ band ion cyclotron whistlers are
terrestrial in origin, possibility (i) is plausible. However, the spatial distributions
of such heavy ions cannot be inferred from a single event, but require clarification
by additional statistical analysis.
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Figure 5.14: Crossover frequencies (ωcr/ΩH+) of observed H
+ band ion cy-
clotron whistlers (normalized by H+ cyclotron frequency ΩH+), plotted as func-
tions of (a) altitude, (b) magnetic latitude, and (c) L value.
5.6 Event study of multi-band ion cyclotron whistlers
echoes
A converted ion cyclotron whistler wave propagates along a geomagnetic field line,
and may bounce at the reflecting point in the opposite hemisphere. Bounced ion
cyclotron whistler waves range widely in the frequency-time spectrogram, and
generate long-duration ELF emissions. These phenomena, called ion cyclotron
whistler echoes, have been described by Watanabe et al. [1975, 1980].
The generation of ion cyclotron whistler echoes is schematized in Figure 5.16.
Recall the processes of typical and trans-equatorial ion cyclotron whistler genera-
tion. A lightning whistler wave is generated by lightning discharge in high-latitude
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Figure 5.15: Dispersion curves of an electromagnetic ion cyclotron mode
wave under three different ion environments. The relative ion constituents are
a) H+:78%, D+:2%, and He+:20%, b) H+:72% D+:8%, and He+:20%, and c)
H+:68%, D+:2%, and He+:30%. Coarsely and finely hatched regions delineate
regions of left-handed and right-handed polarization, respectively. The frequen-
cies on the vertical axes are normalized by the local proton cyclotron frequency.
θ denotes the angle between the wave normal and the geomagnetic field line.
regions, and propagates toward the geomagnetic equator. An R-mode lightning
electron whistler is converted into an L-mode ion cyclotron wave at the local
crossover frequency between the electron whistler and ion cyclotron branches along
the propagation path. Consequently, the local ion cyclotron frequency (Ωi) and
local crossover frequency (ωcri) are lower at the geomagnetic equator than in high-
latitude regions. Propagation ceases when the wave frequency exceeds the local
cyclotron frequency. Therefore, before the wave encounters the geomagnetic equa-
tor, the asymptotic frequency of an ion cyclotron whistler wave indicates the local
ion cyclotron frequency (pink line in Figure 5.16). The background geomagnetic
field strength |B| increases once the wave has passed the geomagnetic equator.
However, the frequency components above the equatorial ion cyclotron frequency
(Ωieq) are damped before the wave passes the equator. Hence, the asymptotic
frequency of the ion cyclotron whistler is only slightly lower than the equatorial
ion cyclotron frequency (Ωieq) (blue line in Figure 5.16).
Ion cyclotron whistler echoes are generated by multiple reflections of an ion cy-
clotron whistler wave. Echo-generating ion cyclotron whistlers are observed as
trans-equatorial ion cyclotron whistlers. Therefore, the upper frequency of an
ion cyclotron whistler echo indicates the equatorial ion cyclotron frequency (Ωieq)
along the trajectory.
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Figure 5.16: Schematic of the assumed generating mechanism of an ion cy-
clotron whistler echo. An electron whistler generated at high-latitude in the
Southern hemisphere propagates along a geomagnetic field line.
The top and bottom panels of Figure 5.17 show the electric and magnetic field
spectra below 160 Hz, respectively, observed by the ELF receiver on November 12,
1991. Thin dashed lines, thick dashed lines, thin chained lines, and thick chained
lines in the spectrograms indicate ΩMQ2, ΩHe+ , ΩMQ8, and ΩO+ , respectively, where
Ωi denotes the local cyclotron frequency of ion species i. The purple spectral lines
occur at the equatorial ion cyclotron frequencies (ΩH+eq, ΩMQ2eq , ΩHe+eq, ΩMQ8eq ,
and ΩOeq). Other symbols in Figure 5.17 have been defined in Figure 4.6. ELF
emissions resembling typical EMIC waves are visible in the figure from 23:20:00
UT to 23:25:00 UT (at frequencies between ΩHe+ and ΩMQ2), from 23:26:00 UT
to 23:29:00 UT (between ΩMQ8 and ΩHe+), and from 23:21:45 UT to 23:27:00 UT
(between ΩO+ and ΩMQ8). The upper frequency of theM/Q = 2 ion band emission
is just below the equatorial cyclotron frequency of M/Q = 2 ions (ΩMQ2eq) in the
Northern Hemisphere (from 23:20:00 UT to 23:25:20 UT). Although not obvious
from Figure 5.17, the He+ band andM/Q = 8 ion band emissions in the Northern
Hemisphere have the same characteristics. Additionally, these emissions show
clear lower cutoffs during specific intervals: from 23:23:00 UT to 23:25:00 UT
(M/Q = 2 ion band), from 23:26:30 UT to 23:29:00 UT (He+ band), and from
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23:24:30 UT to 23:27:00 UT (M/Q = 8 ion band). These emissions appear to be
typical EMIC waves (as described in a previous chapter), but exhibit characteristic
fine structures in temporally high-resolution spectra.
Figure 5.17: Electric and magnetic field spectra below 160 Hz, observed by
the ELF receiver from 23:20:00 UT to 23:30:00 UT on November 12, 1991.
Figures 5.18, 5.19, and 5.20 present the electric and magnetic field spectra below
160 Hz observed by the ELF receiver on November 12, 1991. The observation
intervals of the three figures are 23:22:00 UT to 23:22:30 UT, 23:24:30 UT to
23:25:00 UT, and 23:26:00 UT to 23:26:30 UT, respectively. The symbols in the
figures were defined in Figure 5.17. Note that the emissions presented in Figure
5.17 actually consist of many ion cyclotron whistler waves. For example, trans-
equatorial M/Q = 2 ion band ion cyclotron whistlers were observed at 23:22:06
UT, 23:22:19 UT, 23:24:36 UT, 23:24:50 UT, and 23:24:53 UT (Figures 5.18 and
5.19), and He+ band ion cyclotron whistlers were observed at 23:26:05 UT, 23:26:13
UT, and 23:26:18 UT (Figure 5.20). Ion cyclotron whistlers are not apparent,
but rising spectra characteristic of ion cyclotron whistler waves were frequently
observed during these periods.
The characteristic lower cutoffs of the observed emissions appear to be the lower-
limit frequencies of the reflecting ion cyclotron whistler waves. Moreover, the
lower-limit frequency of the trans-equatorial ion cyclotron whistler wave marks
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the lowest crossover frequency along the propagation path. As described in the
previous chapter, the crossover frequency of an EMIC wave is strongly affiliated
with ion composition. Hence, variations in the lower cutoff frequencies of the
observed ion cyclotron whistler echoes indicate a spatially variable ion composition.
Figure 5.18: Electric and magnetic field spectra below 160 Hz observed by
the ELF receiver from 23:22:00 UT to 23:22:30 UT on November 12, 1991 (cor-
responding to “a” in Figure 5.17).
5.7 Statistical study of ion cyclotron whistlers
The Akebono satellite orbits around a wide region of the plasmasphere (at alti-
tudes around 500–10500 km.) Therefore, Akebono may probe unknown plasma
environments and provide new evidence of wave-particle interactions in the inner
magnetosphere. As reported by Matsuda et al. [2014a], Akebono has detected a
clear cutoff in the characteristic H+ band of EMIC waves, at just above half the lo-
cal proton cyclotron frequency. These observations suggest that minor ions affect
the propagation properties not only of ion cyclotron whistlers (which last for a few
seconds), but also of typical EMIC waves that persist for several minutes. Signifi-
cant numbers of minor ions that affect the wave propagation properties cannot be
ignored when discussing plasma wave generation and/or propagation. However,
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Figure 5.19: Electric and magnetic field spectra below 160 Hz observed by
the ELF receiver from 23:24:30 UT to 23:25:00 UT on November 12, 1991 (cor-
responding to “b” in Figure 5.17).
Figure 5.20: Electric and magnetic field spectra below 160 Hz observed by
the ELF receiver from 23:26:00 UT to 23:26:30 UT on November 12, 1991 (cor-
responding to “c” in Figure 5.17).
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the distribution of minor ions in the inner magnetosphere remains unclear. In
general, cold ions in the inner magnetosphere are not easily detected by particle
instruments onboard scientific satellites because of the satellite potential and con-
tamination by relativistic particles [Liu et al., 2005], but may be observable by
our wave-based approach. Therefore, our method might be useful for estimating
the low-energy ion distribution in the inner magnetosphere [Matsuda et al., 2015].
As was shown in section 2.2, Comfort et al. [1988] discussed plasmaspheric doubly
charged particles density (M/Q = 2 ion and O+) observed by retarding ion mass
spectrometer (RIMS) instrument [Chappell et al., 1981] onboard the DE-1 satellite.
They showed that the density ratio between M/Q = 2 ion and H+ is almost
stable inside of L = 3.2 but it suddenly decrease around outside of this region.
Additionally, they showed that He+ and M/Q = 2 ion densities become large in
local evening sector (18–22 MLT) than those of local morning sector (07–11 MLT).
However, RIMS observation provides ion density ratio only around the restricted
location to protect instrument from high ionospheric fluxes (see more details in
their paper), and detail distribution and variation of ions, particularly, that of
minor ions, have not been clarified yet.
In this section, we investigate spatial occurrence distributions of ion cyclotron
whistler waves of each ion band below an altitude of 10500 km using VLF wave
observation data during 1989–1995 observed by the Akebono satellite. Considering
the wave generation process, we discuss ion composition at the satellite position.
Additionally, we statistically study observed ion cyclotron whistlers and clarify
magnetic localtime dependence of their spatial occurrence distributions. Our sta-
tistical results suggest that the spatial occurrence distributions of each band ion
cyclotron whistler affect to the other band ion cyclotron whistler distributions.
This wave-based analysis provides unknown distribution properties of cold major
and minor ion species in the inner magnetosphere. It may also become a foothold
to clarify the circulation mechanism of inner magnetospheric cold ions.
5.7.1 Dataset
We analyzed the waveform data observed by the ELF receiver in both ELF-WIDE
and ELF-NARROW modes during a six-year, seven-month period from March
1989 to September 1995. We excluded data observed in the ELF-NARROW mode
from July 1992 to November 1993 and in the ELF-WIDE mode from January
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1993 to September 1995 because of the data availability. We performed short-time
Fourier transform (STFT) analysis with a 0.8 ms Hann window that included 128
samples for the ELF-NARROW mode and 256 samples for the ELF-WIDE mode
with a 99% overlap (shift the window by one sample). The frequency resolution
of the analysis was 1.25 Hz. In this study, we focused on emissions above the
He+ band. We detected 845 H+ band ion cyclotron whistlers, 933 M/Q = 2 ion
band ion cyclotron whistlers, and 1888 He+ band ion cyclotron whistlers by visual
inspection during the study period. We regarded emissions having clear branches
from lightning whistlers on frequency-time spectra and asymptotic frequencies just
below Ωi as ion cyclotron whistlers. When more than two ion cyclotron whistlers
were observed near different ion bands simultaneously, we counted them separately.
Figures 5.21a and 5.21b show spatial coverage of the data in the local dayside
(06–18 MLT) and in the local nightside (18–06 MLT), respectively. The radius
represents the altitude of the Akebono satellite in the Earth’s radii and the angle
represents magnetic latitude in degrees. The number of bins is 30 in radius and
60 in latitudinal angle. The gray solid lines indicate geomagnetic field lines at
L = 2, 3, 4, and 8 in the dipole model, and the gray dashed lines at 300 km
and 10500 km represent the perigee and apogee of the Akebono satellite’s orbit,
respectively. The length of observation time at each bin is shown by colors. Areas
of no observation are represented by the white color. As shown in the figure,
no significant difference in the data coverage was noted between the local day
and night sides. In the following subsections, we use these datasets to discuss the
spatial occurrence distribution and magnetic local time dependence of the observed
ion cyclotron whistlers.
5.7.2 Spatial distribution
Figures 5.22a, 5.22b, and 5.22c represent spatial occurrence distributions of ob-
served H+ band, M/Q = 2 ion band, and He+ band ion cyclotron whistler waves
observed by the Akebono satellite, respectively. The coordinates are the same as
those of Figure 5.21. The numbers of observed ion cyclotron whistlers divided by
the observation times at each bin are shown by colors. White bins indicate that no
ion cyclotron whistler was observed. Gray shaded regions represent non-observable
areas (Ωi > 100 Hz derived from a dipole magnetic field model) because of the
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Figure 5.21: Spatial coverage of the data observed by the extremely low
frequency (ELF) receiver in the a) local dayside (06–18 MLT) and b) local
nightside (18–06 MLT). The radius represents the Akebono satellite’s altitude
in the Earth’s radii (RE), and the angle represents magnetic latitude in degrees.
The number of bins is 30 in radius and 60 in angle. Gray solid lines indicate
geomagnetic field lines for L = 2, 3, 4, and 8 in the dipole model. Gray dashed
lines at 300 and 10500 km represent perigee and apogee of the Akebono satellite’s
orbit, respectively. Observation times at each bin are shown by colors. Areas
of no observation are represented by the white color.
upper limit of frequency coverage in the ELF-WIDE mode. Gray dashed lines rep-
resent the limitation of observable areas in the ELF-NARROW mode. Although
we cannot discuss wave occurrence frequency inside these dashed lines by using
ELF-NARROW data, ELF-WIDE data covers these areas.
5.7.3 Diurnal dependence
Local Dayside (06–18 MLT)
Figures 5.23a, 5.23b, and 5.23c represent spatial occurrence distributions of local
dayside H+ band, M/Q = 2 ion band, and He+ band ion cyclotron whistler waves
observed by the Akebono satellite, respectively. The coordinates are the same as
those in Figure 5.21.
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Figure 5.22: Spatial distributions of a)H+ band, b)M/Q = 2 ion band, and
c)He+ band ion cyclotron whistler waves observed by the Akebono satellite.
The coordinates are the same as those of Figure 5.21. The number of observed
ion cyclotron whistlers divided by observation times at each bins is shown by
the colors. No ion cyclotron whistler was observed at white colored bins.
A comparison of these three panels reveals that the spatial occurrence distributions
of observed ion cyclotron whistlers have certain features. First, the spatial occur-
rence distribution of the H+ band ion cyclotron whistlers is relatively lower near
the equatorial region than that near the mid-latitude region (Figure 5.23a). 90
percent of H+ band ion cyclotron whistler waves are observed at high geomagnetic
latitude regions above ±14 degrees.
Second, M/Q = 2 ion band ion cyclotron whistlers were frequently observed
around the equatorial region where the H+ band ion cyclotron whistlers were
hardly observed (Figure 5.23b). Approximately 44 percent of the M/Q = 2 ion
cyclotron whistlers were observed inside the geomagnetic latitude region of ±14
degrees, whereas 90 percent of theM/Q = 2 ion cyclotron whistlers were observed
inside the region of ±31 degrees at L from 1.6 to 2.4. The occurrence frequen-
cies of these two band events were nearly exclusive except near overlap regions
(14◦ < |GMLAT| < 31◦). Two bands of ion cyclotron whistlers were frequently
observed simultaneously in the overlap regions. It is noted that the occurrence
frequencies of the equatorial H+ band ion cyclotron whistlers were locally higher
near 1.5RE than those near the other altitude. This result is inconsistent with the
entire trend (almost H+ band ion cyclotron whistler waves were observed outside
of the equatorial region), although few M/Q = 2 ion cyclotron whistlers were
observed near this region.
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Figure 5.23: Spatial distributions of H+ band (a and d), M/Q = 2 ion band
(b and e), and He+ band (c and f) ion cyclotron whistler waves observed by
the Akebono satellite. The top three panels (a, b, and c) and the bottom three
panels (d, e, and f) represent local dayside (06–18 MLT) and local nightside
(18–06 MLT) observation, respectively. The coordinates are the same as those
in Figure 5.21. The numbers of observed ion cyclotron whistlers divided by
observation times at each bin are shown by colors. No ion cyclotron whistler
was observed at white colored bins.
Finally, He+ band ion cyclotron whistlers were observed at altitudes near 1.2–1.8
RE (Figure 5.23c). This altitude is relatively lower that of M/Q = 2 ion band
events. That is, the occurrence frequency of the He+ band ion cyclotron whistlers
is relatively high where the M/Q = 2 ion cyclotron whistlers are hardly observed.
Similar characteristics were revealed by comparing the distributions of H+ band
events with those of He+ band events. However, because of the limitations of
observation frequency coverage, it is not possible to discuss in detail whether H+
band and He+ band ion cyclotron whistlers occur simultaneously.
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Local Nightside (18–06 MLT)
Figures 5.23d, 5.23e, and 5.23f represent the spatial occurrence distributions of
local nightside H+ band, M/Q = 2 ion band, and He+ band ion cyclotron whistler
waves observed by the Akebono satellite, respectively. A comparison of these three
panels revealed that rough characteristics of the occurrence frequencies are nearly
the same as those of local dayside (06–18 MLT) events. The occurrence frequency
of the H+ band ion cyclotron whistler waves was close to zero near the equatorial
region. Approximately 90 percent of the observed H+ band ion cyclotron whistler
waves were observed at high geomagnetic latitude regions above ±21 degrees.
Almost no H+ band ion cyclotron whistler waves were observed at L inside 2.3.
M/Q = 2 ion band ion cyclotron whistler waves were frequently observed near the
equatorial region. Approximately 68 percent of M/Q = 2 ion cyclotron whistlers
were observed inside the geomagnetic latitude regions of ±21 degrees, whereas 90
percent were observed inside the region of ±27 degrees. at L from 1.6 to 3.0.
The spatial distribution characteristics of the observed He+ band ion cyclotron
whistlers was nearly the same as those of the local dayside events.
A Comparison between Local Day-side Events and Local Night-side
Events
A comparison of the spatial occurrence distributions of local day- and nightside
events revealed some important features, as are shown in Figure 5.23. The region
in which H+ band ion cyclotron whistler waves were not observed near the equator
was wider in the local nightside than that in the local dayside (Figures 5.23a and
5.23d). For M/Q = 2 ion cyclotron whistler waves (Figures 5.23b and 5.23e),
occurrence frequency was higher near the equatorial region in the local nightside
than that in the local dayside. Furthermore, the region wherein M/Q = 2 ion
cyclotron whistlers were observed was distributed in a wider L shell range in
the local nightside than that in the local dayside. This fact suggests that the
spatial occurrence distributions of these two band events are nearly exclusive, as
previously mentioned.
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Discussion
At the beginning of this section, we propose a model of multiband ion cyclotron
whistler waves along a geomagnetic field line in a multicomponent plasma to ex-
plain the spatial distribution of each band of ion cyclotron whistler. As described
in the Introduction, an ion cyclotron whistler wave is generated by energy transfer
from a lightning whistler wave into an ion cyclotron mode wave. When an R-mode
lightning whistler wave propagates along the geomagnetic field line from a high-
latitude region, it loses wave energy from the top to the bottom of its frequency
component because the crossover frequency becomes low with wave propagation
toward the low-latitude region. Subsequent mode conversion from R-mode light-
ning whistler into the other modes of ion cyclotron whistler wave is difficult to
attain at the same frequency because the wave energy of the R-mode has already
been lost. As a lightning whistler propagates, a heavy ion band ion cyclotron
whistler generates first by focusing on the frequency component of the lightning
whistler. A model of this process is shown in a schematic diagram in Figure 5.24.
The figure shows the time variation in the spectrum patterns of H+ band (red
lines) and M/Q = 2 ion band (green lines) ion cyclotron whistler waves under the
assumption that an R-mode lightning whistler wave is completely converted into
an L-mode ion cyclotron wave at the crossover frequency along the geomagnetic
field line. Blue solid lines denote unconverted R-mode lightning whistlers. The
wave energy in the frequency range represented by the blue dashed lines has al-
ready been converted into an L-mode ion cyclotron mode wave. When we assume
the existence of H+, M/Q = 2 ion, and He+ in the plasma, two crossover frequen-
cies appear on H+ band and M/Q = 2 ion band (region 5 of the Venn diagram in
Figure 5.4). As the wave propagates along the geomagnetic field line, the relative
crossover frequencies of each ion band become lower. When the H+ band crossover
frequency coincides with that wherein the converted ion cyclotron whistler wave
ofM/Q = 2 ion band occurs, no seed energy is available for mode conversion from
R-mode lightning whistler into the H+ band ion cyclotron whistler. Previously
generated H+ band ion cyclotron whistler waves (red lines in Figure 5.24) disap-
pear quickly because the H+ ion cyclotron frequency becomes low as the wave
propagates toward the low-latitude region.
Under the proposed model described above, the frequency ranges of each ion band
wave should differ. First, we extracted the observed ion cyclotron whistlers along
the restricted geomagnetic field line (2.4 < L < 2.6). We measured their crossover
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Figure 5.24: Schematic diagram of H+ band (red lines) andM/Q = 2 ion band
(green lines) ion cyclotron whistler waves along a geomagnetic field line under
the assumption that a right-handed polarization (R-mode) lightning whistler
wave is completely converted into a left-handed polarization (L-mode) ion cy-
clotron wave. Blue solid lines denote unconverted R-mode lightning. The wave
energy of the frequency range represented by blue dashed lines indicates that of
previously converted L-mode ion cyclotron waves.
frequencies by visual inspection and plotted their magnetic latitude dependence
in Figure 5.25. Red, blue, and green points denote crossover frequencies of ob-
served H+ band, M/Q = 2 ion band, and He+ band ion cyclotron whistler waves,
respectively. Accuracy of the crossover frequency determination depends on the
frequency resolution of STFT analysis. Error bars in the figure represent errors
in crossover frequency determination. We plotted only the events observed in the
local nightside to avoid local time dependence of crossover frequencies. As shown
in the figure, the frequency range of each band ion cyclotron whistler is essen-
tially different. This fact is consistent with the model described above. As shown
in the figure, the crossover frequencies of observed ion cyclotron whistlers varied
continuously except for He+ band. This result occurred because the He+ band ion
cyclotron whistlers happened to be observed near the geomagnetic latitude range
between 39.5 and 44.5 degrees, which was acceptable. In fact, however, some en-
ergy of an R-mode lightning whistler can remain even though an ion cyclotron
whistler is generated. (This topic was discussed by Clemmow et al. [1954] and
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Gurnett et al. [1965].) Hence, the frequency ranges and observation regions of
each band of ion cyclotron whistler wave overlapped.
Figure 5.25: Geomagnetic latitude dependence of crossover frequencies of
observed ion cyclotron whistler waves around L=2.4–2.6. Only nightside ob-
servations are plotted. Red, blue, and green points denote H+ band, M/Q = 2
ion band, and He+ band ion cyclotron whistler waves, respectively. Error bars
represent errors of crossover frequency determination.
Next, we discuss M/Q = 2 ion distribution. We first narrowed down the ion
species under consideration. As previously mentioned, the observation of an i
band ion cyclotron whistler indicates the existence of at least two species of ion:
i and ions heavier than i. That is, when observing an He+ band ion cyclotron
whistler, the existences of He+ and ions heavier than He+ are apparent. According
to our analysis, numerous H+ band, M/Q = 2 ion band, and He+ band ion
cyclotron whistlers were observed. Hence, the plasma includes a combination
of H+, M/Q = 2 ion, and He+ near the observation region. Furthermore, the
existence of ions heavier than He+ is apparent according to He+ band ion cyclotron
whistlers observations. Although it was difficult to determine the species of the
heavy ion, we assumed it to be O+ of terrestrial origin.
We estimated the ion combination by considering the minimum conditions neces-
sary for ion cyclotron whistler generation. Next, we assumed that certain amounts
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Figure 5.26: Schematic diagrams of estimated M/Q = 2 ion distributions.
Left and right panels show that in local day- and nightside, respectively. The
coordinates are the same as those in Figure 5.21. Blue shaded regions indicate
the regions whereM/Q = 2 ions exist. Gray shaded regions indicate the regions
where no M/Q = 2 ions exist. Pink shaded regions indicate the regions where
we cannot determine whether M/Q = 2 ions exist.
of H+ and He+ can exist anywhere in the plasmasphere [Lemaire et al., 1998]. That
is, we considered only the regions of 3, 5, 6, and 8 of the Venn diagram in Figure
5.4. In Figure 5.26, we show estimated M/Q = 2 ion distributions in schematic
diagrams. Left and right panels show that in local day- and nightside, respectively.
The coordinates are the same as those in Figure 5.21. The region where M/Q = 2
ion cyclotron whistlers were observed (Figures 5.23b and 5.23e) undoubtedly in-
dicates existence of a certain amount of M/Q = 2 ions (blue shaded regions in
Figure 5.26). The question is whether M/Q = 2 ions exist or not in the other
regions.
H+ band ion cyclotron whistlers were frequently observed except in the equatorial
region (Figures 5.23a or 5.23d). As previously mentioned, almost noM/Q = 2 ion
band ion cyclotron whistler was observed at this region (Figures 5.23b or 5.23e),
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nor was an He+ band ion cyclotron whistler (Figures 5.23c or 5.23f). This situation
corresponds to region 3 of the Venn diagram in Figure 5.4. In the existence of
a certain amount of M/Q = 2 ions, M/Q = 2 ion band ion cyclotron whistlers
should be observed. However, in fact, they were not observed. Hence, almost
no M/Q = 2 ions near this region affect wave generation and propagation (gray
shaded regions in Figure 5.26).
He+ band ion cyclotron whistlers were frequently observed at an altitude region
below approximately 1.7RE (Figures 5.23c or 5.23f), however, show the occurrence
frequency of M/Q = 2 ion band ion cyclotron whistlers to be quite low (Figures
5.23b or 5.23e). In this situation, we cannot determine whether M/Q = 2 ions
exist in this region because when an He+ band ion cyclotron whistler is generated
along a geomagnetic field line, anM/Q = 2 ion cyclotron whistler rarely generates
along the same geomagnetic field line (pink shaded regions in Figure 5.26). This
is an ambiguous point in our estimation. Even so, the present result provided new
findings of minor ion distribution in the plasmasphere.
The differences between the spatial distributions of the local dayside and night-
side events indicate local time variation of the plasmaspheric environment. As
mentioned in Section 5.7.3, the differences between the spatial distributions of lo-
cal day- and nightside M/Q = 2 ion band ion cyclotron whistlers are significant
(Figures 5.23b and 5.23e). Accordingly, the spatial distribution of H+ band ion
cyclotron whistler waves changes depending on the magnetic local time (Figures
5.23a and 5.23d). These facts suggest that the M/Q = 2 ion density becomes
large in the local nightside plasmasphere. Such M/Q = 2 ion enhancement is con-
sistent with DE-1/RIMS observation [Comfort et al., 1988]. Roberts et al. [1987]
reported that the density enhancement of doubly charged particles in the plasma-
sphere tends to occur in the local evening sector. They cited the thermal diffusion
process as their explanation because double ionized particles are expected to dif-
fuse more rapidly than singly ionized particles. Although further investigation is
required, our results suggest that a certain amount of M/Q = 2 ions that can
affect wave generation exist in a wide range of the plasmasphere.
Finally, we discuss the D+ or He++ species of the M/Q = 2 ion. He++ is generally
provided by the solar wind [Gloeckler et al., 1985, 1987]. Conversely, D+ originates
from the ionosphere [Looper et al., 1996, Matsuda et al., 2014a]. As shown in
Figures 5.23b and 5.23e, the occurrence frequency of observed M/Q = 2 ion
cyclotron whistlers is relatively higher near the low-L shell region than that near
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the high-L shell region. If such M/Q = 2 ions are provided by the solar wind,
M/Q = 2 ion cyclotron whistlers should be observed near the high-L shell region.
Hence, our results suggest that these M/Q = 2 ions are D+ provided from the
ionosphere.
Moreover, Akebono found evidence of 270 M/Q = 8 and 123 O+ band ion cy-
clotron whistlers. These ion cyclotron whistlers are generated at relatively lower
altitudes than other light-ion band ion cyclotron whistlers, suggesting that appre-
ciable M/Q = 8 ions and O+ exist in the low-altitude plasmasphere. Considering
the generation mechanism of ion cyclotron whistlers described in the previous sec-
tion, O+ band ion cyclotron whistlers require ions heavier than O+. The spatial
distributions of such heavy ions require further investigation.
5.7.4 Solar activity dependence
Figure 5.27 plots the variations in the F10.7 solar radio flux recorded from March
1989 to December 1995. The F10.7 solar radio flux was provided by the Space
Weather Prediction Center (SWPC) of the Oceanic and Atmospheric Administra-
tion (NOAA).
Figure 5.27: Variation of F10.7 solar radio flux from March 1989 to December
1995.
Figure 5.28 shows how the crossover frequency of the observed M/Q = 2 ion band
ion cyclotron whistlers depends on solar activity. The horizontal axis represents
the F10.7 solar radio fluxes during the observation period, and the vertical axis
represents the crossover frequencies of the observed M/Q = 2 ion band ion cy-
clotron whistler waves (normalized by the local proton cyclotron frequencies). The
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black solid line is the regression line. Figure 5.28 reveals a positive correlation be-
tween the normalized crossover frequencies and F10.7 solar radio fluxes. As shown
in the previous chapter, varying crossover frequency of EMIC waves indicates a
varying ion composition.
Figure 5.28: Relationship between crossover frequency of observed M/Q = 2
ion band ion cyclotron whistlers and solar activity. The horizontal axis rep-
resents the F10.7 solar radio fluxes over the observation period. The vertical
axis represents the crossover frequencies of observed M/Q = 2 ion band ion
cyclotron whistler waves, normalized by the local proton cyclotron frequencies.
Here we assume three ion species; H+, M/Q = 2 ion, and He+. The theoretical
crossover frequency of theM/Q = 2 ion band (ωcrMQ2) is a function of theM/Q = 2
ion and He+ compositions (denoted AMQ2 and AHe+), respectively. The observed
crossover frequency ωcrMQ2 versus the estimated ion concentration AMQ2 is plotted
in Figure 5.29. Results are shown for three relative He+ concentrations (0.10, 0.05,
and 0.02, plotted in red, green, and blue, respectively). The vertical axis is the fre-
quency normalized by the local proton cyclotron frequency. From these plots, we
can estimate the relative ion concentrations at any measured crossover frequency;
for example, if the normalized crossover frequency is 0.375 and the He+ ion concen-
tration is assumed to be fixed at 10%, the estimated M/Q = 2 ion concentration
is 2% (red line in Figure 5.29). As the assumed He+ concentration increases, the
estimated M/Q = 2 ion concentration increases accordingly. Conversely, Figure
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5.30 plots the relationship between the observed crossover frequency ωcrMQ2 and
estimated ion concentration AHe+ under three relative M/Q = 2 ion concentra-
tions (0.08, 0.6, and 0.04, plotted in red, green, and blue, respectively). Again,
the vertical axis denotes the frequency normalized by the local proton cyclotron
frequency. For example, if the measured (normalized) crossover frequency is 0.34
and the M/Q = 2 ion concentration is assumed to be fixed at 8%, the estimated
He+ concentration is 10% (red line in Figure 5.30). Note that as the M/Q = 2
ion concentration increases, the estimated He+ ion concentration reduces. As seen
in these figures, a low M/Q = 2 ion band crossover frequency implies either of i)
high concentration of M/Q = 2 ions or ii) low concentration of He+ ions.
Figure 5.29: Relationship be-
tween observed crossover frequency
ωcrMQ2 and estimated ion concentra-
tion AMQ2 at three fixed He
+ con-
centrations.
Figure 5.30: Relationship be-
tween observed crossover frequency
ωcrMQ2 and estimated ion concentra-
tion AHe+ at three fixed M/Q = 2
ion concentrations.
5.8 Summary
This chapter has described M/Q = 2 ion cyclotron whistlers observed by the Ake-
bono satellite at altitudes around 3200–10000 km (L = 1.5–3.4). We presented
two case studies: i) an M/Q = 2ion cyclotron whistler whose asymptotic fre-
quency approaches 0.5ΩH+
local
and ii) a trans-equatorial M/Q = 2 ion cyclotron
whistler whose asymptotic frequency approaches 0.5ΩH+eq . In the first example,
we demonstrated simultaneous observation of two ion cyclotron whistlers; one in
H+ mode, the other in M/Q = 2 mode. The upper asymptotic frequency of the
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M/Q = 2 ion cyclotron whistler was clearly separated from the lower-limited fre-
quency of its H+ mode counterpart. We also derived a relationship between the
He+ and M/Q = 2 ion concentrations (see Figure 5.10). At typical plasmaspheric
He+ concentrations, the M/Q = 2 ion concentration is less than 12.6%, while the
He+ concentration exceeds 9.95%. In the second example, we demonstrated trans-
equatorial M/Q = 2 ion cyclotron whistlers at altitudes around 4470–4530 km (L
=1.7–1.8) on the dusk side. These M/Q = 2 ion cyclotron whistlers are important
high-altitude occurrences that have not been previously reported. Therefore, we
provide valuable evidence thatM/Q = 2 ions exist not only in low-altitude regions
but also in the inner magnetosphere around L = 1.5–3.4. These findings suggest
that M/Q = 2 ion whistlers are general plasmaspheric phenomena.
We investigated the spatial occurrence distributions of H+,M/Q = 2 ion, and He+
band ion cyclotron whistler waves observed by the Akebono satellite during 1989–
1995. We determined that each band of ion cyclotron whistler wave was observed
in almost exclusive regions. We explained these characteristics by considering
the wave generation mechanism along the geomagnetic field line. We estimated
ion composition by considering the conditions necessary for ion cyclotron whistler
generation, and we determined that a certain amount of M/Q = 2 ions exist at
the restricted L shell region in the plasmasphere. We showed that the spatial
occurrence distribution of observed M/Q = 2 ion cyclotron whistlers changes
depending on the magnetic local time and that the density enhancement occurred
in the local nightside region. It was determined that a certain amount ofM/Q = 2
ions exist at L inside 2.4 in the local dayside and inside 3.0 in the local nightside.
The generation conditions of H+ band ion cyclotron whistler waves are closely
related to those of M/Q = 2 ion band ion cyclotron whistler waves. Such M/Q =
2 ions appeared to be D+ of ionospheric origin because the relative occurrence
frequency of observed M/Q = 2 ion cyclotron whistlers was higher near the low-L
shell region than that near the high-L shell region.
Information of ion composition is crucial for discussing wave generation and prop-
agation, various simulation methods, ray tracing, and future satellite missions.
The existences of such minor ions cause new stop bands in the dispersion relation
and affect factors such as wave reflection, resonance, and cutoff. Thus, to improve
inner magnetospheric studies we cannot neglect those that affect wave generation.
These may provide an opportunity for the reconsideration of the ion distribution
model in this region. Our results can provide quite important clues to the minor
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ion circulation in the inner magnetosphere because there is no detailed particle
observation in such region due to the relativistic particles. Recently, it has been
revealed that wave-particle interaction is an important process in the control of in-
ner magnetospheric physics. Our wave based analysis is quite important to clarify
such cold ion distributions in the inner magnetosphere, and it can become novel
plasma diagnostics tools for future satellite missions such as ERG [Miyoshi et al.,
2013] in the inner magnetosphere.
Chapter 6
Proposal for Future Satellite
Mission
6.1 Introduction
Recently, numerous scientific satellites have been launched from around the globe.
Observations of various phenomena by onboard plasma wave receivers contribute
to terrestrial space plasma physics studies. Early satellites employed onboard
hardware receivers. However, more recent satellites contain the newly developed
software receivers. A Software receiver is flexible about changing its observation
specifications, and can accurately observe detailed plasma wave properties [Goto
et al., 2008]. Appropriate specifications of telemetry data are required to compute
and transfer data among the limited computation resources and data capacity.
Assigning computation resources to each calculation and allocating data capac-
ity for of each data product are important for realizing highly-scientific output
observations.
Conventional plasma wave observations have focused on waveform or power spec-
trum observations. However, continuous (or long-term) waveform observation is
difficult because of its heavy data capacity, and power spectrum observation loses
the phase information of observed plasma waves. The plasma waves and sounder
(PWS) instrument onboard the Akebono satellite performs polarization analysis,
and separates right- and left-handed components of the wave spectrum. Then
these separated spectra are individually transferred to the ground station [Oya
et al., 1990].
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At least two components of phase information for electric or magnetic field plasma
wave are required when we derive wave polarization, wave normal direction, and so
on. For example, Santol´ık et al. [2000] analyzed plasmaspheric ELF hiss observed
by the Freja satellite [Lundin et al., 1994] and clarified energy distribution along
the wave propagation direction by polarization analysis and wave normal direction
findings. In this chapter, we propose new techniques and observation modes for
a new-generation onboard software wave receiver. While we propose them now
for exploration of energization and radiation in geospace (ERG) satellite [Miyoshi
et al., 2013], our proposal can also be applied to other future satellite missions.
6.2 Requirements
Because of the differences with ground-based observation systems, a software on-
board a satellite has to fulfill a few requirements. We have to consider the limita-
tions of satellite observations and improve calculation cost and telemetry size to
achieve high science output observations.
Limitation of computation cost, and speed
Processing capacity of onboard processing unit has improved over time. However,
because of cosmic ray radiation and the limitation of the instrument’s physical
size, a processing unit that can execute a few hundred million instructions per
second (MIPS) is used as the satellite onboard CPU. However, a normal personal
computer that we use on the ground has approximately 50000–100000 MIPS; i.e.,
a satellite onboard CPU has only 0.1% of the calculation ability of a personal
computer. In general, satellite onboard CPU process multiple-jobs simultaneously
by time-sharing. Heavy processes put pressure on computation resources and
inhibit the computation of other processes. Thus, we have to implement software
using more compact algorithms.
Limitation of RAM capacity
Onboard software can only use a few MB of random access memory (RAM) as
a temporary work area and a few hundred MB for storing the observed data.
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This is also approximately 0.1% of the memory capacity of a personal computer.
Therefore, satellite onboard software requires simpler methods to reduce physical
memory occupation.
Limitations of transmission capacity to a ground station
Recent satellites adopt a temporal data recording system, and storing mission
data to the onboard data recorder. Stored mission data is transferred to the
ground station when instructed from the ground. By storing raw data to the
data recorder and transferring low-resolution data first, we can filter out raw data
before transferring. However, reducing the amount of telemetry for high science
output observation is still necessary. An appropriate data compression process is
needed to reduce the amount of data.
6.3 Specification of telemetry data
In this section, we propose three types of observation mode for different data
products. We choose data products from the following list: power spectrum of
electric and magnetic field, phase difference and axial ratio between two specific
components, and spectral matrix. Phase difference and axial ratio are measured
in a plane vertical to the geomagnetic field line. If we obtain observed electric
and magnetic fields as described in (6.1) and (6.2) and then calculate complex
Fourier component Gi(t), we can describe the covariant matrix as (6.3). This is
the spectral matrix, which provides wave power spectrum, phase difference, axial
ratio, and so on. We can also perform coordinate transformation of observed wave
spectrum, which is recorded as elements of a spectral matrix.
g1,2,3(t) = Ex,y,z(t), (6.1)
g4,5,6(t) = Z0 · Bx,y,z(t), (6.2)
Sij(f) = 〈Gi(f) ·G∗j (f)〉, (6.3)
where Z0 denotes spatial impedance and 〈·〉 indicates ensemble average.
The wave instrument onboard the ERG satellite aims to do continuous observation
for 24 hours in either normal or burst mode operation. We have to consider
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the most effective telemetry specification that meets the limitation of allocated
data capacity size (6 kbit/sec). In this section, we examine a new observation
mode that can continuously transfer phase information of the observed magnetic
field wave spectrum. We continue raw waveform observation using burst mode
operation and examine the data product specification for normal mode operation.
We assume that satellite spin rate is 4 seconds per rotation and that sampling rate
and frequency coverage are the same as those of the waveform capture/onboard
frequency analyzer (WFC/OFA) instrument on the ERG satellite. A decibel value
of observed data can be sufficiently expressed by 1 byte. Wave power spectrum
observation was collected from the wave instrument onboard a previous scientific
satellite.
The traditional data product is shown in Table 6.1 (MODE A). One component of
electric and magnetic field wave spectra are observed by MODE A. One spectrum
is observed every 0.25 seconds. Frequency components of observed wave spectra
are explained by 92 logarithmically spaced frequency bins. We propose two novel
data products in the next paragraphs and compare advantages and disadvantages
of each data product.
Table 6.1: Data products and their specification in MODE A.
Data Specification
Power spectrum (E field) 4 Hz x 8 bit x 92 point x 1ch
Power spectrum (B field) 4 Hz x 8 bit x 92 point x 1ch
Total amount 5.88 kbps
MODE B is one of our proposed data products. It observes wave power spectra
of electric and magnetic fields, phase difference, and axial ratio between any two
components of the observed magnetic field (Table 6.2). Before phase difference
and axial ratio calculation, coordinate transformation is applied to the observed
magnetic field waveform. Phase information of the observed electric field is not
contained in this mode because only two axes of electric field sensors will be
onboard the ERG satellite. Instead of increasing the number of types of data
product, the frequency resolution of each data product is reduced.
MODE C is our second proposed data product. It observes one component of
the electric field wave spectrum and the spectral matrix of the observed magnetic
field wave (Table 6.3). The spectral matrix contains the full phase information
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Table 6.2: Data products and their specification in MODE B.
Data Specification
Power spectrum (E field) 4 Hz x 8 bit x 46 point x 1ch
Power spectrum (B field) 4 Hz x 8 bit x 46 point x 1ch
Phase difference (B field) 4 Hz x 8 bit x 46 point x 1 comp
Axial ratio (B field) 4 Hz x 8 bit x 46 point x 1 comp
Total amount 5.88 kbps
of the observed field wave. In addition, we can apply coordinate transformation
using an observed spectral matrix after the raw data is transmitted to the ground.
Therefore, onboard coordinate transformation is not required in this observation
mode. Hence, total calculation cost will be reduced by operating in this mode.
This mode provides various physical data; however, frequency resolution should
be decreased to satisfy the data capacity of the telemetry.
Table 6.3: Data products and their specification in MODE C.
Data Specification
Power spectrum (E field) 4 Hz x 8 bit x 46 point x 1ch
Spectral matrix (B field) 4 Hz x 8 bit x 23 point x 6 comp
Total amount 5.88 kbps
6.4 Technique and algorithm
6.4.1 FFT technique for wave instruments
As we mentioned before, compact algorithms are required for satellite onboard
software. In this section, we discuss the method of transforming observed data
from time domain to frequency domain. We use the well-known fast Fourier trans-
form (FFT) method for frequency domain transform. We propose a new advanced
complex data FFT method for observed waveforms.
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Advanced complex data FFT
The FFT method was originally developed for complex data sets. However, wave-
forms observed by scientific satellites are not complex data but real data. There-
fore, we input real observed data and 0 into a real part and imaginary part of
a complex data set, respectively, and perform an apparent real data FFT us-
ing a complex data FFT routine. By applying a simple calculation to Fourier-
transformed data, we can perform a frequency domain transformation of two real
data sets simultaneously using one cycle of a complex data FFT routine. We cal-
culate the Fourier transform of complex data set aj = rj+ isj , and enter Aj , where
rj and sj denote two individual time-series data. When we let Rj and Sj stand
for the Fourier transform of rj and sj , respectively, the following relation exists











ℑ(Aj) + ℑ(AN−j) + i
{−ℜ(Aj) + ℜ(AN−j)}], (6.5)
where ℜ(Ai) and ℑ(Ai) denote a real part and an imaginary part of a complex
number Ai, respectively.
FFT routine for real data set
As mentioned before, FFT was originally developed for complex data sets. How-
ever, because most observed data are not of a complex data set, an FFT routine
for real data sets was developed by Ooura [2012] that needs only half the amount
of physical memory. We discuss advantages and disadvantages of the proposed
advanced complex data FFT method by comparing with this real data set FFT.
Comparison and evaluation
We evaluate computation time of the two above-mentioned FFT methods. The
advanced complex data FFT can simultaneously perform Fourier transform of two
data time series. Therefore, we define the computation time to transform one data
time series as half of the running time of one cycle of advanced complex data FFT.
Specifications of the computer we used to evaluate the FFT routines are listed in
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Table 6.4. As mentioned in the previous section, this computer has thousands of
times more computation ability than the satellite onboard CPU.
Table 6.4: Specifications of the computer used to evaluate FFT routines.
CPU Intel(R) Xeon(R) X5470@3.33GHz × 2
RAM 24.0GBytes
OS CentOS 5.5
Compiler GNU Compiler Collection 4.1.2
We evaluated the computation time of four arithmetic operations using the com-
puter in Table 6.4 and the Space Cube. The Space Cube has a similar CPU and
operating system as the those of real scientific instruments of onboard satellites,
and it was developed for evaluating the satellite onboard software [Shimafuji Elec-
tric Inc., 2012]. The results suggest that computation times by either CPU are
in proportion to the number of addition and multiplication operations. Hence,
the ratio of calculation time evaluated by the computer from table 6.4 can be
considered the same as that by satellite onboard CPU. Figure 6.1 represents the
computation time variations of one cycle of the Fourier transform, using the two
FFT methods as a function of the FFT point. As shown in the figure, computation
time by our advanced complex data FFT method and by the real data set FFT
routine developed by Ooura [2012] (real value FFT) are similar. This suggests
that the computation time of the additional calculation represented in equations
(6.4) and (6.5) is sufficiently short.
Figure 6.2 depicts the computation time of short-time Fourier transform (STFT)
of electric field waveform data observed by the WFC/OFA instrument onboard
the SELENE satellite [Kasahara, 2008, Ono et al., 2008]. We used one capture
(750000 points) of the waveform data observed by the low frequency mode of WFC
instrument (hereafter referred to as “WFC-L”). That amount of data is equivalent
to 11 seconds of data sampled at 65 kHz by the WFC/OFA instrument onboard the
ERG satellite. Figure 6.2 exhibits a tendency similar to that of Figure 6.1. Terao
et al. [2010] reported that computation time of STFT becomes large because of the
overhead of physical memory access when we perform small-window-size STFT. As
seen in Figure 6.2, certainly, computation times vary nonlinearly when we perform
small-window-size STFT. Our proposed method is useful because it costs only half
of the physical memory access as the classical does.
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Figure 6.1: Comparison of com-
putation time for one cycle of FFT.
Figure 6.2: Comparison of total
computation time.
6.4.2 Method of phase difference derivation
We discuss the method to derive the phase difference between any two axes of ob-
served waveform data. Here, we define two complex vectors calculated by Fourier
transform as follows:
Zx = rx + jsx, (6.6)
Zy = ry + jsy. (6.7)
We propose two methods to derive phase difference of these two vectors.
i) Derive arguments of these vectors and then subtract.








ii) Derive phase difference using definition of inner product.
When we define φ as the phase difference of Zx and Zy, the inner product
of Zx and Zy is denoted as (6.9) or (6.10).
(Zx,Zy) = |Zx||Zy| cosφ, (6.9)
(Zx,Zy) = ℜ(Zx)ℜ(Zy) + ℑ(Zx)ℑ(Zy). (6.10)
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We denote the phase difference as φ′, which is defined between 0 and π by




















((Zx×Zy) is from the front side
to the back side on a complex plane).
2π − φ′
((Zx×Zy) is from the back side
to the front side on a complex plane).
(6.13)
Evaluation of calculation cost
We compare computation cost of the two above-mentioned; (i) and (ii). Four
arithmetic operations and calculations of trigonometric function are needed in
each method. Because the computation costs of the four arithmetic operations are
likely to be low, we focus on the cost of the trigonometric function calculation,
which occupies almost the entire computation cost. In general, calculating the
trigonometric and inverse trigonometric functions incurs relatively large compu-
tation costs because it entails numerical calculations such as Taylor expansion.
When we simply use method (i), we have to calculate the inverse trigonometric
function twice. However, method (ii) needs only one calculation of the inverse
trigonometric function. Thus, we suggest method (ii) as the method suitable to
reduce total computation cost.
Evaluation of accuracy
Next, we evaluate the accuracy of these two methods. Both methods use an
inverse trigonometric function; arctan(x) or arccos(x). We focus on the domain
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of definition of these two inverse trigonometric functions. The value of arctan(x)
can be any number from −∞ infinity to +∞. On the other hand, the value
of arccos(x) can be any number from −1 to +1. Comparing these two functions,
arccos(x) is a relatively slowly varying function. It is difficult to calculate arctan(x)
with accuracy using the limited resources of the onboard instrument because of its
rapid ly varying slope. This downside becomes an advantage when we introduce
trigonometric functions table, which we describe next.
6.4.3 Trigonometric functions tables
Numeric calculations such as Taylor expansion are used to derive (reverse) trigono-
metric functions in software compiled by the GNU compiler collection. Total cal-
culation time can be expected to be reduced by preparing static (reverse) trigono-
metric function tables. A few functions are needed for phase difference derivation:
sine, cosine, arccosine, and arctangent. Because sine and cosine functions have the
following close relation:
sin θ = cos (θ − π/2), (6.14)
forming a single table of either of them would be sufficient. In this section, we
evaluate calculation cost and accuracy when we use (reverse) trigonometric func-
tion tables of sine, arccosine, and arctangent. Note that we only prepare a cosine
table, which has a domain between 0 and π/4. When we calculate the function of
general angle value, we use the following relation:
cos(−θ) = cos θ, (6.15)
cos(π − θ) = − cos θ. (6.16)
Similarly, we only prepare arccosine and arctangent tables which have a domain
between 0 and 1. When we calculate the functions of general angle value, we use
the following relation:
arccos(−x) = π − arccos(x), (6.17)
arctan(−x) = − arctan(x). (6.18)
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Evaluation of the calculation speed
Table 6.5 represents the results of computation time evaluation of (inverse) trigono-
metric functions. Normalized calculation speeds divided by the calculation time
of cos(x) when we do not use the function table are represented in this table. As
shown in the table, computation time is reduced by approximately 74% when us-
ing cos(x) and arctan(x) tables. Additionally, approximately 99% of computation
time is saved by making an arccos(x) table. arctan(x) is traditionally used to
calculate the phase difference of a pair of vectors; however, it is found that the
function arccos(x) can also be used for phase difference calculation on the satellite
onboard software if we make a static table of the function.
Table 6.5: Comparison of computation time of (inverse) trigonometric func-
tions.
cos(x) arccos(x) arctan(x)
No table used 1 49.1 1.08
Table used 0.266 0.290 0.290
Ratio 0.266 0.00591 0.269
Evaluation of accuracy
The previous section demonstrated that the calculation cost was reduced by mak-
ing (inverse) trigonometric function tables. However, some errors appear because
of the approximation of finite-size function tables. In this section, we evaluate the
errors due to tabled (inverse) trigonometric function and their effects on phase
difference calculation. We prepare three different signals for evaluation: a pair of
random signals, a pair of chirp signals that have 90 degrees phase difference, and
an electric field waveform observed by the WFC-L mode of the WFC/OFA in-
strument onboard the SELENE satellite. We also prepare (inverse) trigonometric
function tables of various sizes and then compare accuracies of the phase difference
calculations. Considering the discussion in the previous section, we use cos(x) and
arccos(x) functions for calculation.
Results of the evaluation are shown in Figures 6.3 and 6.4. Filled areas in the
figures represent combinations of sizes of cosine and arc-cosine tables that satisfy
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the criteria of calculation error, whereby error of calculated phase differences is
less than 2.0 degrees for Figure 6.3 and less than 1.0 degree for Figure 6.4. For
example, as seen in Figure 6.3, 64 or more points of cosine and arc-cosine tables are
necessary to reduce errors to less than 2.0 degrees when we use a pair of random
signals as inputs. To reduce errors to less than 2.0 degrees when we use a pair
of chirp signals as inputs, 256 or more points of cosine table and 512 or more
points of arc-cosine table alone are necessary the same (256+ for cosine table and
64+ for arc-cosine table) is necessary to reduce errors to less than 2.0 degrees
when we use a pair of electric field waveforms observed by the WFC-L as inputs.
Calculated phase difference will be used to estimate wave polarization and/or
find the wave normal direction to understand the wave and particle interaction
process. Therefore, it is desirable that accuracy of phase difference calculation
is higher than the angular resolution of onboard particle detectors. The angular
resolution of a recently developed particle detector is approximately 5 degrees, at
most [Saito et al., 2008]. Hence, calculation errors discussed in this section are
sufficiently small for onboard wave analysis. Even if the angular resolution of a
particle detector improves by 5 times (approximately 1 degree), we can satisfy
the accuracy of phase difference calculation by increasing function table sizes by
approximately 20%.
Figure 6.3: Accuracy of calcula-
tion by means of size of trigonomet-
ric function tables (error of calcu-
lated phase differences are less than
2.0 degrees).
Figure 6.4: Accuracy of calcula-
tion by means of size of trigonomet-
ric function tables (error of calcu-
lated phase differences are less than
1.0 degree).
Chapter 6. Proposal for Future Satellite Mission 141
6.4.4 Averaging
An appropriate averaging method is needed to average the phase differences of
observed plasma waves. The vector addition method is useful for phase information
averaging. We assume complex data set x = (x1, x2, · · · , xn) which contains the
arguments of the original phase differences. We add these vectors and calculate
the argument of the synthetic vector as the averaged argument of the original data
set. Original phase difference φi between vectors ai and bi is derived by equation
(6.8) or (6.13). For example, we calculate the averaged phase difference of data
set (φ1, φ2, · · · , φi) by the following steps (see also Figures 6.5 and 6.6):




2 and φi, respectively.
ii). Second, we calculate Z =
∑
i Zi.
iii). Third, we determine the averaged phase difference using arg Z.
Figure 6.5: Example of phase lag.
Figure 6.6: Concept of vector ad-
dition method.
Figures 6.7a, 6.7b, and 6.7c represent averaged phase differences of observed wave-
forms calculated using the proposed method. The original data is the electric field
waveform observed by the WFC-L mode of the WFC/OFA instrument onboard the
SELENE satellite. We perform STFT analysis with window size 1024 and calculate
the phase differences. We apply averaging and then reduce vertical axis resolution
to 1/2, 1/4, and 1/8 of original resolution. Comparing these figures, even if an av-
eraging technique is applied, important characteristics of phase differences remain
in the averaged output. However, choosing the appropriate resolution for averaged
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Figure 6.7: Phase differences derived by the vector addition method. Orig-
inal data is an electric field waveform observed by the WFC-L mode of the
WFC/OFA instrument onboard the SELENE satellite. (a) Resolution of verti-
cal axis is reduced to 1/2. (b) Resolution of vertical axis is reduced to 1/4. (c)
Resolution of vertical axis is reduced to 1/8.
output is important because excessive averaging causes the loss of detailed wave
characteristics.
Figures 6.8a, 6.8b, and 6.8c represent averaged phase differences of observed wave-
forms calculated using the proposed method. Here, the original data is a magnetic
field waveform below 80 Hz observed by the ELF receiver onboard the Akebono
satellite from 03:40:00 UT to 04:00:50 UT. Thin black dashed lines and thick
black dashed lines indicate ΩMQ2 and ΩHe+ , respectively. We perform STFT anal-
ysis with window size 2048 and then calculate the phase differences. We apply
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averaging and then reduce vertical axis resolution to 2 Hz (Figure 6.8b) and 4 Hz
(Figure 6.8c) of the original resolution. The original frequency resolution of the
calculated phase differences is 0.156 Hz (Figure 6.8a). In these figures, yellow color
(approximately 270 degrees) and blue color (approximately 90 degrees) indicate
left-handed and right-handed polarization, respectively. Crossover frequency of
EMIC was clearly observed in this period. Comparing these figures, even if an
averaging technique is applied, important crossover characteristics remain in the
averaged output.
Figure 6.8: Phase differences derived by the vector addition method. The
original data are from a magnetic field waveform observed by the ELF receiver
onboard the Akebono satellite. (a) Resolution of vertical axis is 0.156 Hz. (b)
Resolution of vertical axis is 2 Hz (c) Resolution of vertical axis is 4 Hz.
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6.5 Discussion
We discuss advantages and disadvantages of original (MODE A) and two pro-
posed data products (MODE B and MODE C). As mentioned before, variation
of observed data type and its resolution are in a trade-off. In this section, we
compare the variations of data products and the calculation cost of each mode
using waveform data observed by the WFC-L mode of the WFC/OFA instrument
onboard the SELENE satellite. Two components of electric field waveforms are
observed by the receiver for time increments in the range of 1.5 to 3 s at intervals
of approximately 2 minutes. Frequency coverage of the receiver is from 100 Hz to
100 kHz. A comparison between the PWE instrument onboard the ERG satellite
and the WFC-L mode of the WFC/OFA instrument onboard the SELENE satel-
lite reveals that the frequency coverage of the WFC-L is wider than that of the
PWE instrument. We regard the data observed by the WFC-L as those that will
be observed by the PWE instrument by replacing the sampling frequency of the
data. Figure 6.9 represents expected outputs of each observation mode. We use
two components of electric field waveforms observed by the WFC-L and perform
STFT analyses with window size 512. The top three panels show power spectrum
(left panel), phase difference (middle panel), and axial ratio (right panel) calcu-
lated from the raw data of the STFT output. As seen in the left panel, a band-like
emission is observed around 40–50 kHz. The middle panel shows that phase dif-
ferences of the emission are approximately 45 degrees for the entire period. In
addition, no high-intensity emission is present; however, phase differences are ap-
proximately 0 degrees below 40 kHz and 90 degrees above 50 kHz. Comparing the
middle three panels in Figure 6.9, the characteristics of phase difference remain
almost the same, even if we apply averaging. Also, viewing the three right panels

























Figure 6.9: Original spectrum, phase difference, and axial ratio, and expected outputs of MODE A, B, and C.
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Next, we evaluate the computation cost required to operate each mode. The
specifications of the computer we used for evaluation is represented in Table 6.4.
Figure 6.10 represents the comparison of computation time required to operate
each mode on the computer. Computation time represented in the figure is nor-
malized using that of the traditional mode (labeled “as usual” in Figure 6.10).
Traditional mode independently calculates the STFT of each component and then
applies averaging. MODE A outputs the same data types as traditional mode;
however, computation time is reduced by approximately half due to the advanced
complex data FFT method. MODE B contains computations of phase difference
and axial ratio, which occupy approximately 5% of the entire computation time.
However, appropriate coordinate transformation is necessary to derive phase dif-
ference and axial ratio in any plane. Therefore, additional time is required to read
satellite position data and to operate coordinate transformation of observed data,
which becomes a bottleneck. The computation time of MODE C is increased by
10% over MODE A. As mentioned before, additional coordinate transformation
is not necessary when we operate MODE C. Hence, the total computation time
of MODE C seems to be shorter than that of MODE B. However, resolution of
output is sacrificed when we operate MODE C. Considering whether the selected
mode satisfies the requirements of observation is necessary.
Figure 6.10: Comparison at computation time of each mode
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6.6 Summary
In this chapter, we proposed techniques of plasma wave analyses and specifications
of data products for next-generation plasma wave measurements by scientific satel-
lites. Scientific output is expected to increase because of the use of wave power
spectra and phase information of observed waveforms.
In section 6.4.1, we discussed the method of transforming observed data from
time domain to frequency domain. By applying simple calculations to Fourier-
transformed data, we simultaneously transformed two real data sets from time to
frequency domain using one cycle of a complex data FFT routine. Computation
time of the proposed method was approximately half that of the usual method.
Our evaluation suggested that computation time of additional calculation is suf-
ficiently short. Our proposed method is useful because it spends only half of the
physical memory access cost of the classical method.
In section 6.4.2, we discussed derivation methods of phase difference between any
two axes of observed waveform data. We compared computation cost and accuracy,
concluding that the method using the definition of inner product is more suitable
for phase difference derivation.
In section 6.4.3, we discussed use of (inverse) trigonometric functions tables to re-
duce the computation cost of numeric calculations such as Taylor expansion. We
reduced computation times by approximately 74% by making cos(x) and arctan(x)
tables. Additionally, approximately 99% of computation time is reduced by mak-
ing an arccos(x) table. Calculation errors discussed in this section are sufficient
for onboard wave analysis.
We also discussed averaging techniques of phase information in section 6.4.4. We
used electric and magnetic field waveforms observed by the WFC-L mode of the
WFC/OFA instrument onboard the SELENE satellite and the ELF instrument
onboard the Akebono satellite, respectively, and confirmed that important char-
acteristics of phase differences remained in the averaged output even if an averaging
technique was applied.
Finally, we simulated the proposed observation modes in section 6.5 using elec-
tric field waveform observed by the WFC-L mode of the WFC/OFA instrument
onboard the SELENE satellite. Comparing the outputs of the proposed modes,
the characteristics of phase information unchanged, even if we apply our proposed
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techniques and methods. We confirmed that the computation time of each mode
satisfies the limitations of the onboard processing unit.
Chapter 7
Concluding Remarks
Estimation of the cold ion population and distribution in the inner magnetosphere
is quite important for modern simulation studies, future satellite missions, pro-
found analyses of wave generation and propagation, and so on. However, cold
ion measurement in the inner magnetosphere is quite difficult because of problems
posed by satellite potential and relativistic particle contamination. In the present
study, we have focused on the EMIC wave and have investigated a new method of
cold ion composition estimation. The propagation properties of the EMIC wave
can be clearly explained by dispersion relation. The dispersion relation of the
EMIC depends strongly on the ion composition in the plasma. In particular,
characteristic frequencies of the EMIC, such as the “bi-ion hybrid frequency” and
“crossover frequency”, change depending on the ion composition, and these can
be observed using plasma wave observation by scientific satellite. We have used
plasma wave observation data obtained by the Akebono satellite. Because of its
unique orbit, our study might help clarify cold ion distributions in altitude re-
gions from a few hundred km to approximately 10000 km (inside the terrestrial
plasmasphere). The ion distribution is not well known in the low-altitude inner
magnetosphere because there have been few satellite observations in the past.
In Chapter 4, we have introduced typical EMIC waves observed by the Akebono
satellite. These EMIC waves were observed from a few Hz to a few tens Hz (below
local proton cyclotron frequency ΩH+) during duration of typical EMIC wave (∼
a few tens minutes). EMIC observation by the Akebono satellites suggested that
there are several generation mechanism of plasmapheric EMIC. One of them is
typical cyclotron resonance of anisotropic energetic ions, and the other possibility
149
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is mode conversion from a magnetosonic wave. However, they commonly have
characteristics of EMIC such as characteristic cutoff and polarization reversal re-
gardless of their generation mechanism. We have focused on the characteristic
cutoff frequencies just above bi-ion hybrid frequencies of observed EMIC waves.
Especially, it has been found that EMIC waves which had characteristic cutoff
frequency just above half of proton cyclotron frequency (0.5ΩH+) were frequently
observed at an altitude region around a few thousand km by the Akebono satellite.
These events suggested that the existence of M/Q = 2 ion at the local point and
the propagation path of the wave. We have showed that we could clearly explain
these events by using dispersion relation of EMIC when we consider existence of
M/Q = 2 ions. We have estimated local ion composition by measuring observed
characteristic cutoff frequencies of EMIC waves. For example, we have estimated
M/Q = 2 ion composition at approximately 4% by measuring dual characteristic
frequencies observed on September 7, 1991. It has been found that estimated ion
compositions depend on the inner magnetospheric condition, and spatial location,
and so on. Even so, we have successfully found that the existence of a certain
amount of M/Q = 2 ion which can affect wave propagation. Our statistical study
suggested that upper limit of estimated M/Q = 2 ion composition is 4.6%. In
addition, existence of another species of minor ion was suggested by our analyses.
We have focused on multiband structures of observed EMIC waves, and showed
that we can explain the event under the existence of oxygen isotopes such as
O6+. For example, we estimated ion composition of O6+ at approximately 0.2%
by measuring three characteristic cutoff frequencies observed on April 25, 1989.
In Chapter 5, we have discussed ion cyclotron whistlers observed by the Akebono
satellite. Ion cyclotron whistler wave is one of EMIC mode wave which is generated
by mode conversion from an R-mode lightning whistler wave to an L-mode ion cy-
clotron mode wave. Energy transfer from R-mode wave to L-mode wave effectively
occurs at crossover frequency. We can determine local crossover frequency and lo-
cal ion cyclotron frequency from a frequency-time spectrogram of a ion cyclotron
whistler wave. We can estimate what species of ions exist at local point and/or
propagation path of the ion cyclotron whistler wave. We have used the data of
waveform observation by the ELF receiver during almost 6 years since the satellite
was launched in 1989. We have surveyed frequency-time spectra of observed elec-
tric and magnetic field wave, and found that 3775 ion cyclotron whistler waves were
observed. Other than major ion (H+, He+, and O+) band ion cyclotron whistlers,
a lot of minor ion (M/Q = 2 ion and M/Q = 8 ion) band ion cyclotron whistlers
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were observed by the receiver. This has been the clear evidence which suggests
existence of such minor ions in the inner magnetosphere. In addition, considering
observation of O+ band ion cyclotron whistler waves, it has been suggested that
minor species whose mass is heavier than O+ exists in the inner magnetosphere.
We have statistically studied observed ion cyclotron whistler waves, and clarify
spatial distributions of their occurrence frequencies. It have been found that H+
ion cyclotron whistler waves hardly observed around the equatorial region. On
the other hand, M/Q = 2 ion band ion cyclotron whistler frequently observed
around the equatorial region instead of H+ cyclotron whistler waves. We have
discussed generation conditions of multiband ion cyclotron whistler waves, and
established a model of ion cyclotron whistler waves generation. Discovered spatial
distribution of each ion band ion cyclotron whistler could be clearly explained
by our proposed model. The results have showed M/Q = 2 ions exists inside
restricted region inside L ∼ 3.0. Additionally, diurnal dependence of M/Q = 2
ion distribution has been found. It has been found that M/Q = 2 ions which
can affect wave propagation exists inside L ∼ 2.5 on local day-side (06–18 MLT)
and inside L ∼ 3.0 on local night-side (18–06 MLT). Hence, it has been suggested
that existence of density enhancement process of M/Q = 2 ion on local night-
side inner magnetosphere. What is the natural shape of such M/Q = 2 ion? is
important problem. There are two possibilities of its true colors: deuteron (D+)
which originated from ionosphere or alpha particle (He++) which originated from
solar wind. Occurrence frequency of M/Q = 2 ion cyclotron whistler around low
L shell region is relatively high than that around high L shell region. Therefore,
it is likely that such M/Q = 2 ion is deuteron. In addition, existence of the solar
activity dependence of M/Q = 2 ion concentration has been suggested by our
statistical analyses. It has been found that M/Q = 2 ion concentration becomes
high during low solar activity period, and becomes low during high solar activ-
ity period, respectively. Further study is necessary to clarify quantitative solar
activity dependence of M/Q = 2 ion concentration.
We have proposed new techniques and observation modes for a new-generation on-
board software wave receiver in Chapter 6. Phase information of observed plasma
wave is used to estimate wave polarization and/or find the wave normal direction
to understand the wave and particle interaction process. However, continuous
(or long-term) waveform observation and/or advanced data analyses are difficult
because of its heavy data capacity and/or computation cost. Therefore, it is nec-
essary to evaluate computation time and telemetry capacity to realize advanced
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plasma wave analysis onboard satellites. First, we have proposed two novel data
products and compare advantages and disadvantages of each data product. One
of them observes wave power spectra of electric and magnetic field, phase differ-
ence, and axial ratio between any two components of observed magnetic field. The
other one observes one component of electric field wave spectrum and spectral ma-
trix of observed magnetic field wave. The spectral matrix contains the full phase
information of the observed field wave. In addition, we can apply coordinate trans-
formation using an observed spectral matrix after the raw data is transmitted to
the ground. To reduce computation time, we have proposed new method of trans-
forming observed data from time domain to frequency domain. We have confirmed
that computation time of additional calculation is sufficiently short. Our proposed
method is useful because it spends only half of the physical memory access cost of
the classical method. Next we have discussed use of (inverse) trigonometric func-
tions tables to reduce the computation cost of numeric calculations such as Taylor
expansion. We have confirmed that approximately 74% of computation time are
reduced by making cos(x) and arctan(x) tables. Moreover, approximately 99% of
computation time has been reduced by making arccos(x) table. Even if we use (in-
verse) trigonometric function tables, calculation errors discussed in Chapter 6 are
sufficiently small for onboard wave analysis. We have proposed and evaluated an
averaging technique of phase information. Our proposed technique could average
calculated phase differences. We have confirmed that computation time of phase
difference averaging is quite shorter than that of other analyses such as FFT. Fi-
nally, we have evaluated total computation time of proposed observation modes.
We have confirmed that the computation time of each mode satisfy limitation of
onboard processing unit.
Further study is necessary to understand entire distributions and variations of
low-energy ions in the whole of the inner magnetosphere. The present study has
clarified minor ion distributions below 10500 km, however, that around high al-
titude region in the inner magnetosphere is not yet well known. In 2016, the
ERG satellite will be launched. Therefore, opportunities of observation of typical
EMIC and ion cyclotron whistler waves will increase. Moreover, high-resolution
wave observation is necessary to estimate ion composition accurately. Accuracy
of estimated ion composition strongly depends on that of the characteristic fre-
quencies determination of EMIC waves (e.g., crossover frequency and bi-ion hybrid
frequency). Especially, duration of an ion cyclotron whistler wave is shorter (ap-
proximately a few seconds) than that of a typical EMIC wave. Hence, to realize
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high time resolution observation is quite important.
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Appendix A
Catalogue of the Spatial
Coverages of the ELF Observation
Figures A.1–A.3 and A.4–A.6 display the spatial coverages in the meridian plane
of the ELF receiver operating in ELF-NARROW and ELF-WIDE mode during
25 years, respectively. The radius is the Akebono altitude relative to RE, and
the angle is the magnetic latitude in degrees. The number of bins in the radial
and angular directions is 30 and 60, respectively. The gray solid lines indicate
the geomagnetic field lines for L = 2, 3, 4, and 8 in the dipole model. The gray
dashed lines at 300 km and 10500 km represent the perigee and apogee of Akebono
orbit, respectively. Colors indicate the observation times of the bins. Times of no
observation are indicated in black.
Figures A.7–A.9 and A.10–A.12 display the spatial coverages in the meridian plane
of the ELF receiver operating in ELF-NARROW and ELF-WIDE mode during
25 years, respectively. The radius represents the altitude of Akebono in units of
Earth radii (RE) on the equatorial plane, and the angle represents the magnetic
local time. The number of bins is 60 in radius and 60 in angle. Colors indicate
the observation times of the bins. Times of no observation are indicated in black.
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Figure A.1: Spatial coverages of the ELF-NARROW data in the meridian
plane observed by the ELF receiver during 1989–1997.
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Figure A.2: Spatial coverages of the ELF-NARROW data in the meridian
plane observed by the ELF receiver during 1998–2006.
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Figure A.3: Spatial coverages of the ELF-NARROW data in the meridian
plane observed by the ELF receiver during 2007–2013.
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Figure A.4: Spatial coverages of the ELF-WIDE data in the meridian plane
observed by the ELF receiver during 1989–1997.
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Figure A.5: Spatial coverages of the ELF-WIDE data in the meridian plane
observed by the ELF receiver during 1998–2006.
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Figure A.6: Spatial coverages of the ELF-WIDE data in the meridian plane
observed by the ELF receiver during 2007–2013.
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Figure A.7: Spatial coverages of the ELF-NARROW data in the equatorial
plane observed by the ELF receiver during 1989–1997.
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Figure A.8: Spatial coverages of the ELF-NARROW data in the equatorial
plane observed by the ELF receiver during 1998–2006.
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Figure A.9: Spatial coverages of the ELF-NARROW data in the equatorial
plane observed by the ELF receiver during 2007–2013.
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Figure A.10: Spatial coverages of the ELF-WIDE data in the equatorial plane
observed by the ELF receiver during 1989–1997.
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Figure A.11: Spatial coverages of the ELF-WIDE data in the equatorial plane
observed by the ELF receiver during 1998–2006.
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Figure A.12: Spatial coverages of the ELF-WIDE data in the equatorial plane
observed by the ELF receiver during 2007–2013.
